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HIGH EFFICIENCY MULTUNCTION I-VI 
PHOTOVOLTAC SOLAR CELLS 

RELATED APPLICATIONS 

0001. This application is a continuation in part of U.S. 
patent application Ser. No. 12/256,247 filed 22 Oct. 2008, the 
specification of which is fully incorporated by reference 
herein. 

BACKGROUND OF THE INVENTION 

0002 Photovoltaic solar cells have many applications. 
Solar cell systems may be connected to an electric utility grid 
or be used independently. Applications include water heating, 
residential electric power, electric power for buildings, gen 
eration of power for electric utilities, applications in space, 
military applications, electric power for automobiles, air 
planes, etc., and low-power specialty applications. Solar cells 
may be used in rooftop systems, in sheets rolled out on large 
flat areas in the desert or elsewhere, on systems that track the 
motion of the Sun to gain the maximum incident Solar power, 
with or without lenses and/or curved reflectors to concentrate 
the Sun's light on Small cells, in folding arrays on satellites 
and spacecraft, on the Surfaces of automobiles, aircraft and 
other objects and even embedded in fabric for clothing, tents, 
etc. 

0003. The primary function of a solar cell is to convert 
electromagnetic radiation, in particular Solar radiation, into 
electrical energy. The energy delivered by solar radiation at 
the earth's Surface primarily contains photons of energy hV in 
the range 0.7 eV up to 3.5 eV, mostly in the visible range, with 
hv related to the wavelength w of the light by hv=1.24 eV/w 
(Lm). Although many photons of longer wavelength are inci 
dent at the earth's surface they carry little energy. 
0004 Most semiconductor devices, including semicon 
ductor Solar cells, are based on the p-n junction diode. In a 
semiconductor, the lowest conduction band and the highest 
valence band are separated by an energy gap, E. A semicon 
ductor is transparent to electromagnetic radiation with pho 
tons of energy hv less than E. On the other hand, electro 
magnetic radiation withhveE is absorbed. When a photonis 
absorbed in a semiconductor, an electron is optically excited 
out of the Valence band into the conduction band, leaving a 
hole (an absence of an electron in a state that normally is filled 
by an electron) behind. Optical absorption in semiconductors 
is characterized by the absorption coefficient. The optical 
process is known as electron-hole pair generation. Electron 
hole pairs in semiconductors tend to recombine by releasing 
thermal energy (phonons) or electromagnetic radiation (pho 
tons) with the conservation of energy and momentum. 
0005. When incident photons with energy equal to or 
greater than the energy gap of the semiconductor p-n junction 
diode are absorbed, electron-hole pairs are generated. Elec 
tron-hole pairs generated by the incident photons with energy 
greater than the band gap are called hot carriers. These photo 
generated hot electrons and holes, which reside in the energy 
band away from the energy band Zone center, rapidly give 
away their excess energy (the energy difference between the 
total carrier energy and the energy gap) to the semiconductor 
crystal lattice causing crystal lattice vibrations (phonons), 
which produce an amount of heat equal to the excess energy 
of the carriers in the semiconductor. As a result of the photo 
generated electrons and holes moving in opposite directions 
under an electric field within the semiconductor p-n junction 
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diode, electron and hole photocurrents are simultaneously 
generated. Semiconductor devices based on this operating 
principle are known as photodiodes. Semiconductor photo 
Voltaic Solar cells are based on the same operating principle as 
the semiconductor p-n junction photodiodes described above. 
0006. A conventional single p-n junction photovoltaic 
Solar cell is composed of a very thick (p) and a very thin (n) 
semiconductor or vice versa. The thick (p-) doped absorber 
layer on the bottom of the photovoltaic solar cell is called the 
base, while the thin (n) layer on the top of the photovoltaic 
solar cell is called the emitter. The ideal efficiency of a pho 
tovoltaic solar cell is the percentage of power converted from 
the absorbed electromagnetic radiation to electrical energy. 
The photovoltaic Solar cell energy conversion efficiency is 
partially determined by the band gap of the base layer semi 
conductor. 
0007. The advantage of a photovoltaic solar cell with a 
Small energy gap base layer is that more incident photons are 
absorbed, and hence more electron-hole pairs are generated, 
producing a relatively high current in the Solar cell. One 
disadvantage of Such a photovoltaic Solar cell is that the 
photovoltage is relatively low due to the Small energy gap of 
the absorber. Another disadvantage of a small energy gap 
photovoltaic solar cell is that hot carriers are generated by the 
incident photons with energy much greater than the energy 
gap, and hence the excess energy of the hot carriers produces 
a large amount of heat in the thermalization process unless the 
higher energy photons are absorbed before reaching the nar 
row-gap material. 
0008. On the other hand, the advantage of a photovoltaic 
Solar cell with a large energy gap base layer is that the output 
voltage of the photovoltaic solar cell is relatively high due to 
the large energy gap of the absorber. In addition, fewer hot 
carriers are generated because there are fewer photons with 
energy much greater than the energy gap. The disadvantage of 
Such a photovoltaic Solarcell is that a large number of incident 
photons have energies below the energy gap of the base layer 
semiconductor and hence are not absorbed, so that the output 
current is relatively low. 
0009. To achieve high energy conversion efficiency for a 
semiconductor photovoltaic Solar cell, a high output voltage 
and a high current are required. In order to take advantage of 
narrow and wide band gap photovoltaic materials, a multi 
function photovoltaic Solar cell architecture approach is 
employed by Stacking a number of photovoltaic Solar cells 
with various base layer energy gaps. By connecting the pho 
tovoltaic solar cells in a serial fashion with the base layer 
energy gaps spanning the entire Solar spectrum, optimal 
energy conversion efficiency could be achieved. But, in prac 
tice, the base layer energy gaps of a multijunction Solar cell 
only cover a portion of the entire solar spectrum. To obtain 
maximum energy conversion efficiency in a multijunction 
photovoltaic Solarcell, each individual Solarcell (p-n junction 
diode) must be fabricated with high electrical and optical 
quality semiconductors, which can be achieved for lattice 
matched single-crystal semiconductor systems grown by 
molecular beam epitaxy (MBE), metal organic chemical 
vapor deposition (MOCVD), liquid phase epitaxy (LPE), or 
other epitaxial growth techniques. 
0010. In addition, the photocurrent generated in each indi 
vidual solar cell is optimally identical to that in the others in 
order to maximize the energy conversion efficiency since the 
individual Solar cells are connected in series and the photo 
current flows through each individual solar cell in a serial 
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fashion. Any excess current due to current mismatching 
among the individual Solar cells is converted into heat in the 
multijunction photovoltaic solar cell. The photocurrent of a 
single p-n junction photovoltaic Solar cell is proportional to 
the number of photons absorbed, which varies directly with 
the thickness and absorption coefficient of the base and emit 
terlayers. Hence, the thicknesses of the semiconductor layers 
in a semiconductor multijunction photovoltaic Solar cell must 
be properly designed based on the factors mentioned above in 
order to match the photocurrent generated in each individual 
solar cell. 

0011 Degenerately alloyed thin (p") and (n") tunnel 
junctions (TJ) are used as electrical circuit interconnects in a 
large number of multijunction photovoltaic Solar cells to 
increase the Solar energy conversion efficiency. The tunnel 
junctions are designed with minimal resistance and Voltage 
drops across the junctions because the photovoltaic Voltage of 
a multijunction solar cell is the sum of the photovoltaic volt 
age of the individual cells minus the Voltage drops across the 
electrical circuit interconnects and contacts. A typical tunnel 
junction consists of an interface of heavily alloyed (p") and 
(n") layers with a narrow depletion layer in which a thin 
barrier is formed for electron tunneling. The separation of 
photo-generated electron-hole pairs due to the space-charge 
electric field induces a Voltage drop across the tunnel diodes. 
In order to maximize the Solar energy conversion efficiency, 
the Voltage losses in the tunnel diodes must be minimized, 
and in addition the current of the individual photovoltaic cells 
must be matched. Under forward bias, electrons tunnel from 
the (n") alloyed to (p") alloyed layers, while electrons tun 
nel from (p") alloyed to (n") alloyed layers under reverse 
bias. 

0012 To further improve the solar energy conversion effi 
ciency of the photovoltaic Solar cells, three-junction device 
structures have been employed. To date, Group III-V three 
junction photovoltaic Solar cells have been the most Success 
ful solar cell device architectures in terms of solar energy 
conversion efficiencies. Examples of such Group III-V three 
junction photovoltaic solar cells are InGaP/GaAs/Ge and 
InGaP/InGaAs/Ge photovoltaic solar cells that are grown on 
Ge substrates by MBE or MOCVD. These cells have a con 
version efficiency of approximately 40%. Other photovoltaic 
Solar cell device structures with similar Solar energy conver 
sion efficiencies are the InGaP/GaAs/InGaAs three-junction 
photovoltaic solar cells grown on GaAs substrates by MBE or 
MOCVD. To optimize the total output current, degenerately 
alloyed (p")GaAs/(n") GaAs, (p") AlGaAs/(n") InGaP. 
and (p") AlGaAs/(n") GaAs tunneljunctions are often used. 
0013 Multijunction photovoltaic solar cells with four, 

five, and six junctions grown on Ge Substrates have been 
proposed to achieve Solar energy conversion efficiency 
greater than 45%. Examples of such Group III-V cells include 
AlInGaP/AlInGaAs/InGaAs/Ge. AlInGaP/AlInGaAs/In 
GaAs/InGaNAS/Ge, and AlInGaP/InGaP/AlInGaAs/In 
GaAs/InGaNAS/Ge. The tunnel junctions used in these mul 
tijunction photovoltaic Solar cells are similar to those used in 
the three-junction photovoltaic solar cells described above. 
0014 Important considerations for achieving high-effi 
ciency energy conversion include the following: a) high qual 
ity crystalline layers; b) an appropriate choice of junction 
band gaps based on the impinging Solar spectrum; c) tunnel 
junction interconnects between p-n junctions; d) an appropri 
ate choice of layer thicknesses to achieve a current-matched 
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structure; and e) passivating layers, such as back-Surface 
field layers or window layers, to reduce losses. 
0015. In the past, high-efficiency III-V semiconductor 
multi-junction Solar cells have been grown on GaAs, InP, and 
Ge Substrates, but silicon Substrates are advantageous for 
reasons of cost and mechanical robustness. The current mul 
tijunction single-crystal III-V solar cells grown on Ge Sub 
strates cost approximately $13/cm, compared with approxi 
mately 2g/cm for crystalline Sisolarcells. However, sunlight 
incident on a small solar cell can be multiplied by a factor of 
600 in a concentrator photovoltaic (CPV) system that tracks 
the sun to an accuracy of better than 1. Thus, the cell cost per 
watt of electric power produced by a multijunction cell in a 
CPV system can be less than that of a Si cell in a flat plate 
system. 
0016 Previous efforts on the development of multijunc 
tion single-crystal Solar cells have focused almost entirely on 
III-V materials for two compelling reasons. First, according 
to the commonly accepted wisdom, epitaxial growth is best 
performed on lattice matched Substrates and on lattice 
matched epilayers, and it is very difficult to lattice match 
substrate material for the growth of appropriate II-VI layers 
for solar cells, whereas the GalnP/GaAs/Ge system is almost 
perfectly lattice matched and has an almost ideal set of energy 
gaps for a three-junction solar cell. See U.S. Pat. Nos. 6,657, 
194 and 6,906,358, which are specifically incorporated by 
reference. 

0017 Second, III-V materials and their doping and con 
tacting are very familiar to many workers because of their 
widespread use in the electronics industry, whereas II-VI 
materials have been used only on a much more limited basis. 
Some representative patents for III-V based solar cells for 
CPV systems and previous cells using GaAs substrates are 
U.S. Pat. Nos. 4,163,987, 4,191.593, 4,206,002, 4,332,974, 
4.575,577, 4,667,059, 4,926,230, 5,009,719, 5,342,453, 
5,405,453, 5,853,497, 6,147,296, 6,252,287, 6,281,426, 
6,300,557, 6,300,558, 6,660,928, 6,951,819, and 7,217,882. 
0018. In general, even a completely successful growth of a 
three-junction single-crystal III-V solar cell on Si would not 
solve all of the problems associated with multifunction III-V 
solar cells. In particular, the growth of III-V materials by 
MOCVD using hydrogen, arsine, phosgene and the other 
necessary precursor gases introduces a number of difficulties. 
This method of growth requires elaborate safety precautions 
and makes regulatory approval difficult. Also, in this method 
deposits appear rapidly in the growth chamber, which com 
bined with the nature of the deposits implies high mainte 
nance costs and much down time. These considerations make 
the development of II-VI multifunction single-crystal cells 
grown by MBE, as proposed in the present invention, very 
desirable. 
0019. The number of relevant patents dealing with Group 
II-VI solar cells is very limited. U.S. Pat. No. 4,710,589 
teaches a heterojunction p-i-n photovoltaic cell having at least 
three different semiconductor layers formed of at least four 
different elements comprising a (p-) relatively wide bandgap 
semiconductor layer, a high resistivity intrinsic semiconduc 
tor layer, used as an absorber of light radiation, and an (n) 
relatively wide band gap semiconductor layer. In the pre 
ferred embodiment ZnTe is employed as the (p) layer, CdTe as 
the intrinsic absorber layer, and CdS as the (n) layer. 
(0020 U.S. Pat. No. 4,753,684 proposes a cell having only 
a single polycrystalline absorber layer. The proposed cell 
structure includes a relatively wide optical bandgap energy 
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window layer, a light-absorbing layer and a third, relatively 
wide bandgap energy layer that forms a minority carrier mir 
ror with the light-absorbing layer. It is realized using II-VI 
semiconductor compounds Such as a CdS or ZnS window 
layer, a HgCdTe. CdTe., ZnCdTe or Hg2nTe light absorbing 
layer and a third layer of CdTe., ZnTe, ZnCdTe. HgznTe or 
CdMnTe. Cd and Te are present in at least two of the three 
layers of the proposed structures. 
0021 U.S. Pat. No. 6,419,742 proposes a method for the 
growth of high quality lattice mismatched II-VI semiconduc 
tor epitaxial layers on Si. This third patent proposes the for 
mation of a passivation layer on a Si surface before the MBE 
growth of a II-VI material such as CdS. The passivation layer 
may comprise arsenic, germanium or CaF. 
0022. Thus, there exists a need for low cost, highly effi 
cient solar cells to help meet the power needs of the future. If 
ultrahigh efficiency multifunction II-VI solar cells could be 
manufactured by MBE using Si substrates, their manufacture 
would be easier to scale up than the manufacture of the 
corresponding III-V cells and would be substantially less 
expensive than even the corresponding III-V cells grown on 
Si Substrates. 
0023 The only public disclosure of significant relevance 

to this invention originated from the first inventor, Prof. S. 
Sivananthan. He contracted Prof. M. Flatte of the University 
of Iowa to perform calculations of the possible theoretical 
efficiency of II-VI HgCdZnTe solar cells. The idea was con 
fined to single-junction and two-junction Solar cells with an 
unspecified substrate which was not an active part of the solar 
cell. There was no thought of applications to CPV systems or 
to applications in space. No publications resulted, only a 
workshop talk on the calculations by one of Prof. Flatte's 
students: “HgCdZnTe Materials for High-Efficiency Tandem 
Solar Cells’, B. Brown, M. E. Flatté, P. Boieriu, and S. 
Sivananthan, the 1998 U.S. Workshop on the Physics and 
Chemistry of II-VI Materials, Charleston, S.C., Oct. 21, 
1998. No printed publication of these calculations was made 
and there was insufficient information in the art at the time to 
reduce these cells to practice. 

SUMMARY OF THE INVENTION 

0024. The present invention generally relates to a Group 
II-VI photovoltaic Solar cell having at least two and as many 
as five Subcells that gives conversion efficiencies approxi 
mately as good as or better than the best previously achieved 
using other semiconductor families. The Subcells use combi 
nations of materials that are easier and much less expensive to 
manufacture. These solar cells can be manufactured by MBE 
at a cost less than one fifth that of existing or previously 
proposed multifunction Solar cells having similar efficien 
C1GS. 

0025. In one aspect of the present invention, a monolithic 
multifunction photovoltaic Solar cell comprises a first and a 
second subcell. The first subcell has a first base and a first 
emitterformed of opposite conductivity types, and the second 
Subcell has a second base and a second emitter formed of 
opposite conductivity types. At least one of the bases and 
emitters is formed of a Group IV semiconductor material. At 
least one of the bases and emitters is formed of a Group II-VI 
semiconductor material. When incident solar radiation of a 
predetermined intensity not absorbed in the second (top) sub 
cell impinges on the upper face of the first subcell, the current 
density of the photovoltaic current generated in the first sub 
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cell will be substantially the same as the current density from 
this radiation generated in the second Subcell. 
0026. In further embodiments of the invention, third, 
fourth and fifth subcells can be formed with respective third, 
fourth and fifth bases and emitters, the alloying and thickness 
of all of the bases and emitters being controlled such that the 
current density in any one of the subcells substantially 
matches the current density of the rest. It is preferred that the 
base of the first subcell be formed from a silicon substrate 
while the rest of the solar cell be grown from II-VI semicon 
ductor materials, such as CdS, CdSe, CdTe., ZnTe, ZnS, 
MgTe, CdSeTe, CdZnTe. CdMnTe. CdMgTe and CdFHgTe. It 
is also preferred that an antireflection layer be formed above 
the topmost Subcell from a material selected from the group 
consisting of CdSnO, SnO, ZnSe, TiO, MgTe, ZnO, ZnS, 
MgSe, ITO, MgS, MgO, SiO, and MgF. 
0027. In a further aspect of the invention, a monolithic 
multijunction photovoltaic solar cell is provided which has at 
least first and second Subcells, each with respective bases and 
emitters formed to be of opposed conductivity types. At least 
one of the first and second bases and the first and second 
emitters is formed of a Group IV semiconductor material, 
while at least one of the first and second bases and the first and 
second emitters is formed of a Group II-VI semiconductor 
material. None of the bases or emitters are formed of Group 
III-V semiconductor material. The solar cell has an ideal 
series energy conversion efficiency of at least approximately 
40%. 

0028. It is preferred that this solar cell further include a 
first tunnel junction between the first and second subcells, 
with an energy gap of at least one of its layers being greater 
than the energy gap of the first base. 
0029. This provided solar cell can likewise include third, 
fourth and even fifth subcells. Preferably, tunneljunctions are 
formed between adjacent subcells. With three subcells, in 
theory an overall ideal series efficiency of 40% can be 
achieved under concentrated sunlight, such as 500 Suns. This 
is approximately the same as the theoretical efficiency of a 
Group III-V solar cell with three subcells, calculated under 
the same assumptions. According to the invention, this num 
ber rises to 45% for structures with four subcells under 500 
Suns, and 50% for cells with five subcells under 500 Suns. 
Indeed, the invention provides numerous photovoltaic Solar 
cell embodiments having no Group III-V semiconductors but 
still having overall ideal series efficiencies in excess of 45% 
in theory under 500 suns illumination. 
0030. In another embodiment of the invention, a mono 
lithic multijunction photovoltaic Solar cell comprises a first 
Subcell comprising a first base formed of a semiconductor 
having a first base energy gap and an emitterformed to adjoin 
the first base and having a first emitter energy gap higher than 
the first base energy gap. The Solar cell includes at least a 
second subcell formed over the first subcell and comprising a 
second base formed of a Group II-VI semiconductor material 
and having a second base energy gap higher than that of the 
first base, and a second emitter formed of Group II-VI semi 
conductor material formed to adjoin the second base and 
having a second emitter energy gap higher than of the first 
emitter. 
0031. In a still further aspect of the invention, a monolithic 
multijunction photovoltaic solar cell is provided which has at 
least first and second subcells, with the second subcell being 
formed over the first. The first subcell includes a first base of 
a first conductivity type and a first emitter of an opposite 
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conductivity type. The second subcell likewise includes a 
second base of the first conductivity type and a secondemitter 
of the opposite conductivity type. The second base and emit 
ter are formed of Group II-VI semiconductor material. The 
energy gap of the second base is higher than the energy gap of 
the first base, while the energy gap of the second emitter is 
higher than the energy gap of the first emitter. It is preferred 
that the first base of this cell be formed of a Group IV semi 
conductor material. Such as Si, Ge or mixtures thereof. 
0032. This solar cell can also be built with third, fourth and 
even fifth subcells over the first and second subcells. Band 
gaps of the bases of such subcells will be higher than band 
gaps of the bases below them. Similarly, energy bandgaps of 
the emitters of such subcells will be higher than the bandgaps 
of the emitters formed below them. The additional subcells 
are formed of Group II-VI semiconductor materials, prefer 
ably by an MBE method. 
0033. As in the other embodiments, it is preferred that 
degeneratively alloyed tunnel junctions be formed between 
adjacent ones of the subcells, and that the subcell stack be 
capped with an antireflective coating with a bandgap higher 
than that of the subcell layer beneath it. This antireflective 
coating prevents damage from overly energetic impinging 
photons and is particularly important in outer space or other 
high-radiation environments. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0034) Further aspects of the invention and their advan 
tages can be discerned in the following detailed description, 
in which: 
0035 FIG. 1 is a highly magnified schematic elevational 
sectional view of a two junction photovoltaic solar cell 
according to a first embodiment of the present invention; 
0036 FIG. 2 is a highly magnified schematic elevational 
sectional view of a two junction photovoltaic solar cell 
according to a second embodiment of the present invention, 
without tunnel junctions disposed between the subcells; 
0037 FIG. 3 is a highly magnified schematic elevational 
sectional view of a three junction photovoltaic solar cell 
according to a third embodiment of the present invention; 
0038 FIG. 4 is a highly magnified schematic elevational 
sectional view of a three junction photovoltaic solar cell 
according to a fourth embodiment of the present invention 
without tunnel junctions disposed between the subcells; 
0039 FIG. 5 is a highly magnified schematic elevational 
sectional view of a four junction photovoltaic solar cell 
according to a fifth embodiment of the present invention; 
0040 FIG. 6 is a highly magnified schematic elevational 
sectional view of a four junction photovoltaic solar cell 
according to a sixth embodiment of the present invention 
without tunnel junctions disposed between the subcells; 
0041 FIG. 7 is a highly magnified schematic elevational 
sectional view of a five junction photovoltaic solar cell 
according to a seventh embodiment of the present invention; 
and 
0042 FIG. 8 is a highly magnified schematic elevational 
sectional view of a five junction photovoltaic solar cell 
according to a eighth embodiment of the present invention 
without tunnel junctions disposed between the subcells. 

DETAILED DESCRIPTION 

0043. The multijunction photovoltaic solar cell of the 
invention may comprise a plurality of subcells each of which 

Apr. 22, 2010 

convert Solar radiation into electrical energy. In various pre 
ferred embodiments of the multijunction photovoltaic solar 
cell, the subcells with different energy gaps absorb different 
components of the Solar radiation spectrum enabling more 
efficient conversion of incident Solar energy into electrical 
energy. The subcells comprise material systems of different 
energy gaps corresponding to different optical absorption 
cutoff energies such that incident light in different spectral 
ranges is efficiently absorbed by the different subcells. The 
Subcells with larger energy gaps are stacked on top of the 
Subcells with Smaller energy gaps so that the upper Subcells 
absorb the photons of the incident light with energies equal to 
or greater than the energy gaps of the upper Subcells allowing 
the unabsorbed photons of the incident light to be transmitted 
through the upper subcells and subsequently absorbed by the 
lower Subcells with Smaller energy gaps. In preferred embodi 
ments of the present invention, relatively high energy gap 
tunnel junctions that are used as low-resistance electrical 
circuit interconnects are placed between the subcells. Solar 
cells according to the present invention provide higher open 
circuit photovoltages and higher short-circuit photocurrent 
densities as well as lower series resistance losses. The Solar 
cells of the present invention also facilitate current matching 
through each of the Subcells to increase Solar energy conver 
sion efficiency. 
0044) Without limitation, the present invention is appli 
cable to photovoltaic solar cells for both terrestrial and non 
terrestrial applications, photodiode detectors, light-emitting 
diodes, and semiconductor diode lasers. 
0045 Various embodiments of the present invention 
involve fabricating a monolithic photovoltaic Solar cell com 
prising a plurality of the Subcells in a fabrication sequence 
wherein the lower Subcells with Small energy gaps are usually 
fabricated first, while the upper subcells with larger energy 
gaps are Subsequently fabricated on the top of the lower 
subcells. The subcells of the present invention can be fabri 
cated by material growth methods such as MBE, MOCVD, 
and LPE. Layer thicknesses and alloying of the semiconduc 
tor thin layers that form the subcells of the multijunction 
photovoltaic solar cell can be controlled and optimized by 
adjusting the different raw material compositions, flux rates 
and deposition durations during the growth to meet the 
requirements of the specific design for a photovoltaic Solar 
cell. 

0046. In the exemplary cell 100 illustrated in FIG. 1, a first 
subcell 110, which is made of a first material system, com 
prises a first (p)Sibase layer 102 and a first (n)Siemitter layer 
103 having a first base energy gap (Eas1.10 eV), a first 
emitter energy gap (Eis 1.10 eV), and a first layer thickness 
(ds 1.0 to 500 um, preferably greater than 2 um) for different 
applications. The subcell 110 can beformed from a beginning 
silicon substrate on which the rest of the cell 100 is grown by 
MBE or otherwise formed. This fabrication methodology 
may be employed for each of the embodiments illustrated 
herein. A second subcell 112, which is formed over the first 
subcell 110, to be in optical communication therewith, and in 
this embodiment with a tunneljunction 111 between the two, 
is made of a second material system, comprising a second 
(p)CdTe base layer 106 and a second (n+)CdTe emitter layer 
107 respectively having a second base energy gap (E-1.51 
eV), a second emitter energy gap (Eis 1.51 eV), and a 
second layer thickness (dis0.5 to 15um, more preferably 2-6 
um). The degenerately alloyed first tunnel junction 111 
between the first subcell 110 and second subcell 112 com 
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prises a first (p++)ZnTe base layer 104 and a first (n++)ZnTe 
emitter layer 105 having a base energy gap (Eas2.26 eV) 
and an emitter energy gap (Els2.26 eV) which are rela 
tively high in comparison with the energy gaps of the adjoin 
ing layers. The first tunnel junction is made of relatively thin 
semiconductor layers (dis0.005 to 0.1 um) in order to mini 
mize the absorption of incident light within the tunnel junc 
tion and hence reduce optical power loss. 
0047. In this first embodiment of the invention, the mate 
rial system that is used for the first tunnel junction 111 is not 
limited to ZnTe semiconductors, but can be made from other 
relatively high energy gap materials such as CdS (Ecs-2.46 
eV), ZnSe (E-sa-2.72 eV), MgTe (E-3.40 eV), ZnS 
(E-sa-3.73 eV), CdZnTe (Ezis 1.8 to 2.26 eV), 
CdMgTe (Ecats 1.8 to 3.3 eV), CdMnTe (Ecs1.8 
to 2.92 eV), and ZnMnSe (E-sa-2.8 to 3.30 eV) com 
pound semiconductors. The energy gaps (Ezia and Ezi) 
of the first tunnel junction 111 must be greater than those of 
the first emitter 103 (E.) of the first subcell 110 and the 
second base 106 (E) of the second subcell 112. In addition, 
the (p++) and (n++) tunneljunction with homo-interface (ho 
mojunction) can be replaced by a tunnel junction with a 
hetero-interface (heterojunction) that comprises thin layers 
semiconductor material having different energy gaps. The 
first tunneljunction is designed in Such a way that the tunnel 
ing current density (I) at the valley is greater than the 
overall short-circuit photocurrent density (I) of the two 
junction photovoltaic solar cell 100 in order to minimize the 
electrical power loss at the interfaces between the first subcell 
110, first tunnel junction 111, and second subcell 112. 
0048. An antireflective coating 108, such as a highly trans 
parent thin ZnO semiconductor layer, is formed over (here, 
immediately adjoining) the second Subcell 112 to minimize 
surface reflections, thereby enabling more photons of the 
incident light to enter the photovoltaic Solar cell, and it is also 
used as an encapsulant for radiation hardening to improve 
radiation tolerance against damage from high energy photons 
and charged particles. The antireflective layer 108 has a rela 
tively wide energy gap (Ecs.20 eV) in comparison to the 
energy gap of the Subcells 110 and 112 that it is protecting, 
and a relatively thin layer thickness (dis0.05 to 0.5um). In 
this first preferred embodiment of the present invention, the 
antireflective coating 108 is not limited to ZnO semiconduc 
tor thin layer, and the antireflection coating can also be made 
from other materials such as CdSnO4 (Easca-3.07 eV), 
SnO, (Esos4.01 eV), ZnSe (E-sa-2.72 eV), TiO, 
(Eos3.30 eV), MgTe (E-340 eV), ZnS (Eziss3.73 
eV), MgSe (E-400 eV), Indium Tin Oxide (ITO; 
Eros4.06 eV), MgS (Ess4.45 eV), MgO (Exo~7.80 
eV), SiO, (Esc-8.90 eV), and MgF2 (E-10.8 eV). In 
addition, the antireflection coating 108 can be made by stack 
ing together multiple thin layers of appropriate thicknesses 
from the materials described above to further reduce the 
reflection of the incident light at the top surfaces. 
0049. A back contact 101 can be made from metals for 
good ohmic contacts such as CoSi, TiSi, WSi, TaSi, PtSi, 
and Al, and may be made of a metal grid, metal thin layer, or 
a semi-transparent conducting thin layer. A front contact 109, 
formed over subcells 110 and 112 in opposition to the back 
contact 101, is in this embodiment deposited or grown on the 
antireflection coating 108, can be made from metals such as 
Au and Cu or transparent conductive oxides (TCOs) such as 
CdSnO, SnO, ZnO, and indium tin oxide, and may be a 
metal grid or a TCO thin layer. 
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0050. In this first embodiment of the invention, light that is 
incident on the top surface of the two-junction photovoltaic 
solar cell 100 is partially reflected and partially transmitted 
through the contact layer 109 and the antireflection coating 
108. The transmitted photons with energies (E->E2) equal 
to or greater than the second base energy gap of the second 
subcell 112 are absorbed in the second subcell 112, producing 
a second short-circuit photocurrent density (I) and a sec 
ond open-circuit photovoltage (V). The photons with ener 
gies (Et-E2) less than the second base energy gap of the 
second subcell 112 pass through the second subcell 112 and 
the first tunnel junction 111, arriving at the top of the first 
subcell 110. The transmitted photons with energies 
(E2E) equal to or greater than the first base energy gap 
of the first subcell 110 are absorbed in the first subcell 110, 
producing a first short-circuit photocurrent density (I) and 
a first open-circuit photovoltage (V). The layer thicknesses 
of the first subcell 110 and second subcell 112 are preferably 
chosen, varied and optimized so that the first short-circuit 
photocurrent density for the first subcell 110 and second 
short-circuit photocurrent density for the second subcell 112 
are matched completely (II) or Substantially 
(11-12). 
0051. In specific examples of the invention, the short 
circuit photocurrent densities, open-circuit Voltages, and 
energy conversion efficiencies of each Subcell were calcu 
lated using numerical modeling via a finite element method 
(FEM). In order to compare the upper limit performance of 
photovoltaic solar cell devices with different architectures, 
ideal operating conditions were used in the numerical simu 
lations presented herein unless explicitly stated otherwise. 
0052. In the following specific examples, the calculations 
were based on the solar spectral irradiance of 500 suns at air 
mass 1.5 with global 37 tilt (AM1.5G) under ideal operating 
conditions wherein the losses due to scattering, series resis 
tance, optical reflection and absorption, and electrical collec 
tion were assumed to be negligible. The calculated first open 
circuit voltage (V) for the first subcell 110 and second 
open-circuit Voltage (V) for the second Subcell 112 are 
0.56 V and 1.09 V. respectively, and the estimated open 
circuit Voltage for the two-junction photovoltaic Solar cell 
100 (V=V+V) is s1.65 V. The calculated optimal first 
short-circuit photocurrent density (I) for the first subcell 
110 and second short-circuit photocurrent density (I) for 
the second subcell 112 are 40 mA/cm and 27 mA/cm, 
respectively. From these calculations, the estimated series 
matched short-circuit photocurrent density (I) for the two 
junction photovoltaic solar cell 100 is approximately 27 
mA/cm, and I-I-I-I2 as discussed above. The esti 
mated ideal series-interconnected efficiencies for the first 
subcell 110 (m) and second subcell 112 (m) are 13% and 
27%, respectively, and the estimated ideal series-intercon 
nected efficiency (mm +m2) for the two-junction photovol 
taic solar cell 100 is approximately 40% under concentrated 
Sunlight. 
0053. In one variation of the first embodiment, the first 
subcell 110 and second subcell 112 of this homo-junction 
photovoltaic solar cell 100 can be replaced with hetero-junc 
tion Subcells to further improve performance by minimizing 
the absorption in the first emitter 103 and second emitter 107 
while maximizing the absorption in the first base 102 of first 
subcell 110 and second base 106 of the second subcell 112. 
The first base formed of a semiconductor layer may be Si, Ge. 
or an SiGe mixture or alloy, and the second CdTe semicon 
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ductor base 106 (s1.51 eV) may be replaced with alloys of 
CdSe, CdSeTe(E=1.51 to 1.7 eV), CdZnTe (E=1.51 to 
2.0 eV), CdMgTe (E-1.51 to 2.0 eV), or CdHgTe 
(E. 1.3 to 1.6 eV) semiconductors. 
0054) The first (n+)Siemitter 103 of the first subcell 110 
can be replaced with alloys of a (n+) Ge emitter (E-0.66 
eV), (n+)CdTe emitter (E-1.51 eV), (n+)CdSe emitter 
(Ells1.70 eV), (n+)ZnTe emitter (E-2.26 eV), (n+)Cd 
MnTe emitter (E-1.51 to 2.92 eV), (n+) CdHgTe emitter 
(E-1.3 to 1.6 eV), (n+)CdSeTe emitter (E-1.51 to 1.70 
eV), (n+)CdZnTe emitter (E-1.51 to 2.26 eV), or (n+) 
CdMgTe emitter (E-1.51 to 3.2 eV) to allow more incident 
light to reach the first (p-)Sibase 102 (E -1.10 eV) in order 
to increase the photo-generation of electron-hole pairs and 
hence increase the photocurrent of the first subcell 110. 
0055. In addition, the second (n+)CdTe emitter 107 of the 
second subcell 112 can be replaced with alloys of a higher 
energy gap (n+)CdSe emitter (Ets1.70 eV), (n+)ZnTe 
emitter (E-2.26 eV), (n+)CdS emitter (E-2.46 eV), 
(n+)ZnSe emitter (E-2.72 eV), (n+) MgTe emitter 
(E-3.40 eV), (n+)ZnS emitter (E-3.73 eV), (n+)Cd 
SeTe emitter (E-1.51 to 1.70 eV), (n+)CdZnTe emitter 
(E-1.51 to 2.26 eV), (n+)CdMnTe emitter (E-1.51 to 
3.0 eV), or (n+)CdMgTe emitter (E-1.51 to 3.2 eV) to 
allow more incident light to reach the (p-)CdTe base 106 
(E2-1.51 eV) in order to increase the photo-generation of 
electron-hole pairs and hence increase the photocurrent of the 
second subcell 112. 
0056 Specifically, numerical modeling was performed for 
a hetero-interface two-junction photovoltaic solar cell: ARC 
108 (n+)ZnO; second subcell 112=(n+)ZnTe/(p-)CdTe; 
tunnel junction 111-(p")MgTe/(n")MgTe; first subcell 
110 (n+)ZnTe/(p)Si. The calculated first open-circuit photo 
Voltage (V) for the first subcell 110 and second open 
circuit photovoltage (V) for the second subcell 112 are 
s0.56V and s1.08 V, respectively. The estimated open-circuit 
Voltage for the thus-specified hetero-interface two-junction 
photovoltaic solar cell 100 (V, V+V) is s1.64 V. The 
calculated optimal first short-circuit photocurrent density 
(I) for the first subcell 110 and second short-circuit photo 
current density (I) for the second subcell 112 are s40 
mA/cm and -29 mA/cm, respectively. The estimated series 
matched short-circuit photocurrent density (I) for the het 
ero-interface two-junction photovoltaic solar cell 100 is 
approximately 29 mA/cm, and I-I-I-I as dis 
cussed above. The estimated ideal series-interconnected effi 
ciencies for the first subcell 110 (m) and second subcell 112 
(m) are 14% and 29%, respectively, and the estimated ideal 
series-interconnected efficiency (m=m+m) for the entire het 
ero-interface two-junction photovoltaic solar cell 100 is at 
least s43% under 500 suns. In this example, a first (p") 
MgTe/(n") MgTe tunnel junction 111 is placed between the 
first subcell 110 and second subcell 112. The antireflection 
coating 108, which may comprise more than one thin layers, 
can be made of materials with energy gaps that are greater 
than the energy gap of the second emitter 107 of the second 
subcell 112 (Eurc-E2). 
0057 The embodiment shown in FIG. 2 is an (n+)ZnO/ 
(n+)CdTe/(p-)CdTe/(n+)Si/(p-)Si two-junction photovol 
taic solar cell 200 without a tunnel junction between the 
subcells 208,209. In this example, the first subcell 208, which 
is made of a first material system, comprises a first (p-)Sibase 
layer 202 and a first (n+)Si emitter layer 203 having a first 
base energy gap (Eas1.10 eV), a first emitter energy gap 
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(Eis 1.10 eV), and a first layer thickness (dis1.0 to 500 um, 
more preferably greater than 2 um). The second subcell 209, 
which is formed over, to adjoin or otherwise be in proximate 
optical communication with the first subcell 208 and which is 
made of a second material system, comprises a second (p-) 
CdTe base layer 204 and a second (n+)CdTe emitter layer 205 
having a second base energy gap (E-1.51 eV), a second 
emitter energy gap (Eis 1.51 eV), and a second layer thick 
ness (ds0.5 to 15 Jum, more preferably greater than 2 um). 
The first subcell 208 and second subcell 209 of this homo 
junction photovoltaic solar cell 200 can be replaced with 
hetero-junction subcells as described above to further 
improve light absorption. 
0058. In a variation of the embodiments illustrated in 
FIGS. 1 and 2 of the present invention, the conductivity types 
of the semiconductor layers of the two-junction photovoltaic 
Solar cell are reversed. 

0059 A three-subcell photovoltaic solar cell is schemati 
cally illustrated in FIG. 3. This second embodiment encom 
passes the embodiment shown in FIG. 1 and described above 
with an additional subcell and preferably a second tunnel 
junction. The preferred three-subcell photovoltaic solar cell 
300 ((n+)ZnO/(n+)CdZnTe/(p-)CdZnTe/(p")ZnTe/ 
(n")ZnTe/(n+)CdTe/(p-)CdTe/(p")ZnTe/(n")ZnTe/(n+) 
Si/(p-)Si where the mole fraction x 0.31) includes a first 
subcell 314, a second subcell 316 formed over the subcell 
314, a third subcell 318 formed over the second subcell 316, 
a first tunnel junction 315 interposed between subcells 314 
and 316, a second tunnel junction 317 disposed between 
subcells 316 and 318, an antireflection coating 312, formed 
above the topmost subcell 318 to provide protection against 
photons with energies higher than the bandgaps of third sub 
cell318, a front contact313, and a back contact301. The third 
subcell 314, which is disposed immediately adjacent to the 
second subcell 316 and is made of a third material system, 
comprises a third (p-)CdZnTe base layer 310 and a third 
(n+)CdZnTe emitter layer 311 having a third base energy 
gap (E-1.6 eV-2.0 eV), a third emitter energy gap 
(Eises 1.6 eV-2.0 eV), and a third layer thickness (da-0.1 to 
10 Lim, preferably 2 to 6 um). The degenerately alloyed sec 
ond tunnel junction 317 that is placed between the second 
subcell 316 and third subcell 318 comprises a second (p") 
ZnTe base layer308 and a second (n")ZnTe emitter layer309 
having a relatively high base energy gap (E-2.26 eV) 
and a relatively high emitter energy gap (E-2.26 eV). In 
this embodiment, the first tunnel junction 315 and second 
tunnel junction 317 need not be identical and the tunnel 
junctions 315, 317 can be made from materials of different 
energy gaps. The energy gaps (Eva and Erie) of the first 
tunnel junction 315 must be greater than those of the first 
emitter 303 (E.) of the first subcell 314 and the second base 
306 (E2) of the second subcell 316, and the energy gaps 
(Eva and Eve) of the second tunneljunction 317 must be 
greater than those of the second emitter 307 (E) of the 
second subcell 316 and the third base 310 (E.) of the third 
subcell318. Specifically, the first and second tunneljunctions 
may be alloys of ZnTe, ZnS, MgTe, ZnS, CdZnTe (E-2.0 
to 2.26 eV), and CdMgTe (E-2.0 to 3.2 eV). 
0060 Light that is incident on the top surface of the three 

junction photovoltaic solar cell 300 is partially reflected and 
partially transmitted through the contact layer 313 and the 
antireflection coating 312. The transmitted photons with 
energies (E2E) equal to or greater than the third base 
energy gap of the third subcell 318 are absorbed in the third 
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subcell 318, producing a third short-circuit photocurrent den 
sity (I) and a third open-circuit photovoltage (V). The 
photons with energies (Et-Es) less than the energy gap of 
the third subcell 318 pass through the third subcell 318 and 
the second tunnel junction 317 impinging on the top of the 
second subcell 316. The transmitted photons with energies 
(E,2E2) equal to or greater than the second base energy 
gap of the second subcell 316 are absorbed in the second 
Subcell 316, producing a second short-circuit photocurrent 
density (I) and a second open-circuit photovoltage (V). 
The photons with energies (Et-E) less than the second 
base energy gap of the second Subcell 316 pass through the 
second subcell 316 and the first tunnel junction 315 reaching 
the top of the first subcell 314. The transmitted photons with 
energies (E2E) equal to or greater than the first base 
energy gap of the first subcell 314 are absorbed in the first 
subcell 314, producing a first short-circuit photocurrent den 
sity (I) and a first open-circuit photovoltage (V). The 
thicknesses of the first subcell 315, second subcell 316, and 
third subcell 318 are chosen and optimized so that the first 
short-circuit photocurrent density for the first subcell 314, 
second short-circuit photocurrent density for the second Sub 
cell 316, and third short-circuit photocurrent density for the 
third Subcell 318 are matched completely (I–II) or 
Substantially (Isles). 
0061. In a specific example of this three-subcell embodi 
ment, the calculated first open-circuit photovoltage (V) for 
the first subcell 314, second open-circuit photovoltage (V) 
for the second subcell 316, and third open-circuit photovolt 
age (V) for the third subcell 318 are s0.53 V, s0.97V, and 
s 1.26 V. respectively. The estimated open-circuit photovolt 
age for the three-subcell photovoltaic solar cell 300 
(V=V+V+V) is 2.76 V. The calculated optimal first 
short-circuit photocurrent density (I) for the first subcell 
314, second short-circuit photocurrent photocurrent density 
(I) for the second subcell 316, and third short-circuit den 
sity (I) for third subcell318 are s40 mA/cm, s27 mA/cm, 
and s19 mA/cm, respectively. From these numerical calcu 
lations, the estimated series-matched short-circuit photocur 
rent density (I) for the three-junction photovoltaic solarcell 
300 under concentrated sunlight (500 suns) is approximately 
19 mA/cm, and I-I-I-I-I - Is as discussed 
above. The estimated ideal series-interconnected efficiency 
(mm+m2 +m) for the three-junction photovoltaic Solar cell 
300 is at least s40%. As described previously, degeneratively 
alloyed (p")ZnTe/(n")ZnTe tunnel junctions 315, 317 may 
placed between the subcells to improve the light conversion 
efficiency for cell 300. 
0062 Alternatively, the first subcell 314, second subcell 
316, and third subcell 318 of this homo-junction photovoltaic 
solar cell 300 can be replaced with hetero-junction subcells to 
further improve performance by minimizing the absorption in 
the first emitter 303 of the first subcell 314, second emitter 
307 of the second Subcell 316 and third emitter 311 of the 
third subcell 318, while maximizing the absorption in the first 
base 302 of first subcell 314, second base 306 of the second 
subcell 316, and third base 310 of the third subcell 318. 
0063 Additionally, the (n+)CdZnTe emitter 311 of the 
third subcell 318 can be replaced with alloys of a higher 
energy gap (n+)CdSe emitter (Ess1.70 eV), (n+)ZnTe 
emitter (Ess2.26 eV), (n+)CdS emitter (Ess2.46 eV), 
(n+)ZnSe emitter (E-2.72 eV), (n+)MgTe emitter 
(Ess3.40 eV), (n+)ZnS emitter (Ess3.73 eV), (n+) 
CdZnTe emitter (E-1.6 to 2.26 eV), (n+)CdMnTe emitter 

sc2 
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(Ess1.6 to 3.2 eV), (n+)CdSeTe emitter (Eises 1.6 to 1.7 
eV), or (n+)CdMgTe emitter (E-1.6 to 3.2 eV) to allow 
more incident light to reach the (p)CdZnTe base 310 
(E-1.71 eV) in order to increase the photo-generation of 
electron-hole pairs and hence increase the photocurrent of the 
third Subcell 318. 

(0064. The third CdZnTe base 310 (E-1.6 to 2.0 eV) 
may be replaced with alloys of CdSeTe (E-1.6 to 1.7 eV), 
CdZnTe (E-1.6 to 2.0 eV), or CdMgTe (E-1.6 to 2.0 
eV) semiconductors. 
0065 Modeling was performed for a hetero-interface 
three-junction photovoltaic Solar cell having the following 
top-to-bottom composition: (n+)ZnO/(n+)ZnTe?(p-)Cd. 
aZnTe/(p")MgTe/(n")MgTe/(n+)ZnTe/(p-)CdTe/(p") 
MgTe/(n")MgTe/(n)ZnTe/(p-)Si. The calculated first 
open-circuit photovoltage (V) for the first subcell 314, 
second open-circuit photovoltage (V) for the second sub 
cell 316, and third open-circuit photovoltage (V) for the 
third subcell 318 were sO.54V, s().97V, and s1.26V, respec 
tively. The estimated open-circuit voltage for the hetero-in 
terface three-subcell photovoltaic solar cell 300 (V=V+ 
V+V) was s2.77 V. The calculated optimal first short 
circuit photocurrent density (I) for the first subcell 314, 
second short-circuit photocurrent density (I) for the second 
subcell316, and third short-circuit photocurrent density (I) 
for the third subcell318 were s40 mA/cm, s27 mA/cm, and 
s21 mA/cm, respectively. In this case, the estimated series 
matched short-circuit photocurrent density (I) for the three 
junction photovoltaic solar cell 300 was approximately 21 
mA/cm, and I-I-I-I I-12-13 as discussed above. 
The estimated ideal series-interconnected efficiencies for the 
first subcell 314 (m), second subcell 316 (m), and third 
subcell 318 (m) are 10%, 18%, and 24%, respectively, and 
the estimated ideal series-interconnected efficiency (mm+ 
m+m) for the hetero-interface three-junction photovoltaic 
solar cell 300 was s52% under 500 suns. In this example, 
(p")MgTe/(n") MgTe tunnel junctions were placed 
between subcells to improve light conversion efficiency. The 
antireflection coating 312, which may comprise more than 
one thin layer, can be made of materials with energy gaps that 
are greater than the energy gap of the emitter 311 of the third 
subcell 318 (Erd-Es). For instance, the antireflection 
coating may be made of CdSnO, SnO, ZnSe, TiO, MgTe. 
ZnO, ZnS, MgSe, ITO, MgS, MgO, SiO, and MgF semi 
conductors. 

0.066 FIG. 4 illustrates a three-subcell photovoltaic solar 
cell 400 without intervening tunnel junctions. A representa 
tive composition is, top-to-bottom, (n+)ZnO/(n+)Cd. 
aZnTe/(p-)CdZnTe/(n+)CdTe/(p-)CdTe?(n+)Si/(p-)Si. 
In this example, the first subcell 410, which is made of a first, 
preferably Group IV material system, comprises a first (p-)Si 
base layer 402 and a first (n+)Si emitter layer 403 having a 
first base energy gap (Es1.10 eV), a first emitter energy 
gap (E26 1.10 eV), and a first layer thickness (dis1.0 to 
500 um, preferably greater than or equal to 2 um). The second 
subcell 411, which is disposed immediately adjacent to the 
first subcell 410 and is made of a second, preferably Group 
II-VI material system, comprises a second (p-)CdTe base 
layer 404 and a second (n+)CdTe emitter layer 405 having a 
second base energy gap (E-1.51 eV), a second emitter 
energy gap (Eis 1.51 eV), and a second layer thickness 
(ds0.5 to 15 um). A third subcell 412, which is disposed 
immediately adjacent to the second Subcell 411 and is made 
of a third, preferably Group II-VI material system, comprises 
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a third (p-)CdZnTe base layer 406 and a third (n+)Cd. 
aZnTe emitter layer 407 having a third base energy gap 
(Ess1.71 eV), a third emitter energy gap (Ess1.71 eV), 
and a third layer thickness (da-0.1 to 10 um, preferably 2-6 
um). The first subcell 410, second subcell 411 and third 
subcell 412 of this homo-junction photovoltaic solar cell 400 
can be replaced with hetero-junction subcells as described 
above to further improve incident light absorption. 
0067. In another variation of the second embodiment of 
the present invention, the (p-) and (n) semiconductor layers 
of the three-junction photovoltaic solar cell are reversed. 
0068. In another embodiment of the present invention, the 
important features of a four-subcellphotovoltaic solar cell are 
schematically illustrated in FIG. 5. This embodiment adds to 
the embodiment shown in FIG. 3 with an additional subcell 
and tunnel junction. The composition of a preferred four 
subcell photovoltaic solar cell 500 is, from top-to-bottom, 
(n+)ZnO/(n+)CdZnTe/(p-)CdZnTe/(p")ZnTe/(n") 
ZnTe/(n+)CdZnTe/(p-)CdZnTe/(p")ZnTe/(n") 
ZnTe/(n+)CdTe/(p-)CdTe/(p")ZnTe/(n")ZnTe/(n+)Si/(p-) 
Si, where the mole fraction X-0.31 and ya-0.58. Cell 500 
includes a first subcell 518, a second subcell 520, a third 
subcell 522, a fourth subcell 524, a first tunnel junction 519 
between subcells 518 and 520, a second tunnel junction 521 
between subcells 520 and 522, a third tunnel junction 523 
between subcells 522 and 524, an antireflection coating 516 
disposed over the topmost subcell 522, a front contact 517, 
and a back contact 501. 

0069. The fourth subcell 524, which is disposed over and 
in optical communication with the third subcell 522, is made 
of a fourth, preferably Group II-VI material system, more 
preferably comprising a fourth (p-)CdZnTe base layer 
514 and a fourth (n+)CdZnTe emitter layer 515 having a 
fourth base energy gap (E-1.7 to 2.0 eV), a fourth emitter 
energy gap (Eas1.8 to 2.26 eV), and a fourth layer thickness 
(ds0.1 to 10 um, preferably 2-6 um). 
0070. The degenerately alloyed third tunnel junction 523 
that is placed between the third subcell 522 and fourth subcell 
524 preferably comprises a third (p")ZnTe base layer 512 
and a third (n") ZnTe emitter layer 513 having a relatively 
high base energy gap (Esa-2.26 eV) and a relatively high 
emitter energy gap (Ess2.26 eV). The first tunnel junc 
tion 519, second tunnel junction 521, and third second tunnel 
junction 523 need not be identical and the tunnel junctions 
519, 521, and 523 can be made from materials of different 
energy gaps. The energy gaps (Ezia and Ezil) of the first 
tunnel junction 519 must be greater than those of the first 
emitter 503 (E.) of the first subcell 518 and the second base 
506 (E2) of the second subcell 520; the energy gaps (Era 
and Era) of the second tunneljunction 521 must be greater 
than those of the second emitter 507 (E2) of the second 
subcell 520 and the third base 510 (E) of the third subcell 
522; the energy gaps (Es and Ers) of the third tunnel 
junction 523 must be greater than those of the third emitter 
511 (E) of the third subcell 522 and the fourth base 514 
(E) of the fourth subcell 524. The first, second, and third 
tunnel junctions may be one or more layers of at least one 
alloy of ZnTe, ZnS, ZnO, MgTe, CdMnTe (E 2.0 to 2.92 
eV), CdZnTe (Es 2.0 to 2.26 eV), and CdMgTe (Es 2.0 
to 3.2 eV). 
0071. In this embodiment light that is incident on the top 
surface of the four-subcell photovoltaic solar cell 500 is par 
tially reflected and partially transmitted through the contact 
layer 517 and the antireflection coating 516. The transmitted 
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photons with energies (E2E) equal to or greater than the 
fourth base energy gap of the fourth subcell 524 are absorbed 
in the fourth subcell 524, producing a fourth short-circuit 
photocurrent density (Ia) and a fourth open-circuit photo 
Voltage (V). The photons with energies (Et-E) less 
than the fourth base energy gap of the fourth subcell 524 pass 
through the fourth subcell 524 and the third tunnel junction 
523 impinging on the top of the third subcell 522. The trans 
mitted photons with energies (E2E) equal to or greater 
than the third base energy gap of the third subcell 522 are 
absorbed in the third subcell 522, producing a third short 
circuit photocurrent density (I) and a third open-circuit 
photovoltage (V). The photons with energies (E-Es) 
less than the third base energy gap of the third subcell 522 
pass through the third subcell 522 and the second tunnel 
junction 521, reaching the top of the second subcell 520. 
I0072. The transmitted photons with energies (E2E) 
equal to or greater than the second base energy gap of the 
second subcell 520 are absorbed in the second subcell 520, 
producing a second short-circuit photocurrent density (I) 
and a second open-circuit photovoltage (V). The photons 
with energies (Et-E) less than the second base energy 
gap of the second subcell 520 pass through the second subcell 
520 and the first tunnel junction 519, arriving at the top of the 
first subcell 518. The transmitted photons with energies 
(E2E) equal to or greater than the first base energy gap 
of the first subcell 518 are absorbed in the first subcell 518, 
producing a first short-circuit photocurrent density (I) and 
a first open-circuit photovoltage (V). The thicknesses of 
the first subcell 518, second subcell 520, third subcell 522, 
and fourth subcell 524 are chosen and optimized so that the 
first short-circuit photocurrent density for the first subcell 
518, second short-circuit photocurrent density for the second 
subcell 520, third short-circuit photocurrent density for the 
third subcell 522, and fourth short-circuit photocurrent den 
sity for the fourth subcell 524 are matched completely 
(Iscils-2Iscals-4) O substantially (Isleslasla) 
0073. In a specific example of this embodiment, the cal 
culated first open-circuit photovoltage (V) for the first 
subcell 518, second open-circuit photovoltage (V) for the 
second subcellS20, third open-circuit photovoltage (V) for 
the third subcell 522, and fourth open-circuit photovoltage 
(V) for the fourth subcell 524 were s0.51V, s0.91 V. s.1.15 
V, and s 1.44V, respectively. The estimated open-circuit volt 
age for the four-junction photovoltaic solar cell 500 
(V, V+V+V+V) was s4.01 V. 
0074 The calculated optimal first short-circuit photocur 
rent density (I) for the first subcell 518, second short 
circuit photocurrent density (I) for the second subcell 520, 
third short-circuit photocurrent density (I) for the third 
subcell 522, and fourth short-circuit photocurrent density 
(I) for the fourth subcell 524 were s40 mA/cm, s27 
mA/cm, s19 mA/cm, and s 15 mA/cm, respectively. From 
these numerical calculations, the estimated series-matched 
current density (I) for the four-junction photovoltaic Solar 
cell 500 was approximately 15 mA/cm, and 
Is Izvi-Izy Izya l-I-2-Isla as discussed above. 
0075. The estimated ideal series-interconnected efficiency 
(m m+n+m+m) for the four-junction photovoltaic solar 
cell 500 was at least s45% under 500 Suns. As described in the 
second embodiment of the present invention, (p")ZnTe/(n") 
ZnTe tunnel junctions were placed between the subcells to 
improve the light conversion efficiency. 
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0076. The first subcell 518, second subcell 520, third sub 
cell 522, and fourth subcell 524 of this homo-junction pho 
tovoltaic solar cell 500 illustrated in FIG. 5 can be replaced 
with hetero-junction subcells to further improve performance 
by minimizing the absorption in the first emitter 518, second 
emitter 520, third emitter 522, and fourth emitter 524 while 
maximizing the absorption in the first base 502 of the first 
subcell 518, second base 506 of the second subcell 520, third 
base 510 of the third subcell 522, and fourth base 514 of the 
fourth Subcell 524. 

(0077. Furthermore, the fourth (n+)CdZnTe emitter 515 
of the fourth subcell 524 can be replaced by alloys with a 
higher energy gap (n+)ZnTe emitter (Eas2.26 eV), (n+) 
CdS emitter (E-2.46 eV), (n+)ZnSe emitter (E-2.72 
eV), (n+)MgTe emitter (E-3.40 eV), (n+)ZnS emitter 
(E-3.73 eV), (n+)CdZnTe emitter (E-1.8 to 2.26 eV), 
(n+)CdMnTe emitter (E-1.8 to 3.0 eV), or (n+)CdMgTe 
emitter (E-1.80 to 3.2 eV) to allow more incident light to 
reach the (p-)CdZnTe base514 (E-1.91 eV) in order to 
increase the photo-generation of electron-hole pairs and 
hence increase the photocurrent of the fourth subcell 524. 
0078. The fourth semiconductor base material may be 
alloys of a CdZnTe (E. 1.7 to 2.0 eV) semiconductor or a 
CdMgTe (E. 1.7 to 2.0 eV) semiconductor. 
0079 Modeling was performed for a hetero-interface 
four-junction photovoltaic Solar cell having the following 
top-to-bottom composition: (n+)ZnO/(n+)ZnTe/(p-)Cd. 
Zn, Te/(p")MgTe/(n+)ZnTe/(p-)CdZn,Te/(p")MgTe/ 
(n")MgTe/(n+)ZnTe/(p-)CdTe/(p")MgTe/(n")MgTe/(n+) 
ZnTe/(p-)Si. The calculated first open-circuit photovoltage 
(V) for the first subcell 518, second open-circuit photo 
voltage (V) for the second subcell 520, third open-circuit 
photovoltage (V) for the third subcell 522, and fourth 
open-circuit photovoltage (V) for the fourth subcell 524 
were s0.52V.s0.93V. s.1.18 V, and s1.44V, respectively. The 
estimated open-circuit Voltage for the four-junction photovol 
taic solar cell 500 (V=V+V+V+V) was s4.07V. 
0080. The calculated optimal first short-circuit photocur 
rent density (I) for the first subcell 518, second short 
circuit photocurrent density (I) for the second subcell 520, 
third short-circuit photocurrent density (I) for the third 
subcell 522, and fourth short-circuit photocurrent density 
(I) for the fourth subcell 524 were s40 mA/cm, s27 
mA/cm, s21 mA/cm, and s16 mA/cm, respectively. In this 
case, the estimated series-matched short-circuit photocurrent 
density (I) for the hetero-interface four-junction photovol 
taic solar cell 500 was approximately 16 mA/cm, and 
I, Izvi-Izy Izys-III-2-13-14 as discussed above. 
0081. The estimated ideal series-interconnected efficien 
cies for the first subcell 518 (m), second subcell 520 (m), 
third subcell 522 (m), and fourth subcell 524 (m) were 7%. 
12%, 18%, and 21%, respectively, and the estimated ideal 
series-interconnected efficiency (mm +m2 +m+ma) for the 
hetero-interface four-junction photovoltaic solar cell 500 was 
s58% under 500 suns. In this particular example, (p") MgTe/ 
(n")MgTetunneljunctions were placed between the subcells 
to improve light conversion efficiency. The antireflection 
coating 516, which may comprise more than one thin layer, 
can be made of materials with energy gaps that are greater 
than the energy gap of the emitter 515 of the fourth subcell 
524 (EurceFar). For instance, the antireflection coating 
can be made of (n+)MgTe (Ears3.40 eV) semiconductor 
thin layer. 
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I0082 FIG. 6 shows a four-subcell photovoltaic cell 600 
without tunneljunctions. A top-to-bottom composition of cell 
600 can be (n+)ZnO/(n+)CdZnTe/(p-)CdZnTe/(n+) 
CdZnTe/(p-)CdZnTe/(n+)CdTe?(p-)CdTe?(n+)Si/ 
(p-)Si. In this example, the first subcell 612, which is made of 
a first, preferably Group IV material system, more preferably 
comprises a first (p-)Si base layer 602 and a first (n+)Si 
emitter layer 603 having a first base energy gap (Eis 1.10 
eV), a first emitter energy gap (Eis 1.10 eV), and a first 
layer thickness (ds 11.0 to 500 um, preferably at least 2 um). 
The second subcell 613, which is disposed immediately adja 
cent to the first subcell 612 and is made of a second, prefer 
ably Group II-VI material system, more preferably comprises 
a second (p-)CdTe base layer 604 and a second (n+)CdTe 
emitter layer 605 having a second base energy gap (Eas1. 
51 eV), a second emitter energy gap (Eis 1.51 eV), and a 
second layer thickness (dis0.5 to 15 um, preferably 2 to 6 
um). The third subcell 614, which is disposed immediately 
adjacent to the second subcell 613 and is made of a third, 
preferably Group II-VI material system, more preferably 
comprises a third (p-)CdZnTe base layer 606 and an (n+) 
CdZnTe emitter layer 607 having a third energy gap 
(E-1.71eV) and a third layer thickness (d.-0.1 to 10 um, 
preferably 2 to 6 um). The fourth subcell 615, which is dis 
posed immediately adjacent to the third subcell 614 and is 
made of a fourth, preferably Group II-VI material system, 
more preferably comprises a (p-)CdZnTe base layer 608 
and a fourth (n+)CdZnTe emitter layer 609 having a fourth 
base energy gap (E-1.91 eV), a fourth emitter energy gap 
(E-1.91 eV), and a fourth layer thickness (d.-0.1 to 10 
um). The first subcell 612, second subcell 613, third subcell 
614, and fourth subcell 615 of the homo-junction photovol 
taic solar cell 600 can be replaced with hetero-junction sub 
cells as described above to further improve incident light 
absorption. 
I0083. In another variation of this embodiment, the (p-) 
and (n) semiconductor layers of the four-subcell photovoltaic 
solar cell are reversed. 

I0084. In another embodiment of the present invention, the 
main features of a five-junction photovoltaic Solar cell are 
schematically illustrated in FIG. 7. This embodiment adds, to 
the embodiment shown in FIG. 5, an additional subcell and 
tunnel junction. A preferred composition of the five-subcell 
photovoltaic solar cell 700 is, from top to bottom, (n+)ZnO/ 
(n+)CdZnTe/(p-)CdZnTe/(p")ZnTe/(n")ZnTe/(n+) 
CdZnTe/(p-)CdZnTe/(p")ZnTe/(n")ZnTe/(n+)Cl. 
aZnTe/(p-)CdZnTe/(p")ZnTe/(n")ZnTe/(n+)CdTe? 
(p-)CdTe/(p")ZnTe/(n")ZnTe/(n+)Si/(p-)Si, where the 
mole fraction X-0.31, ys0.58, and Za-0.70. Cell 700 includes 
a first subcell 722, a second subcell 724, a third subcell 726, 
a fourth subcell 728, a fifth subcell 730, a first tunnel junction 
723 between subcells 722 and 724, a second tunnel junction 
725 between subcells 724 and 726, a third tunneljunction 727 
between subcells 726 and 728, a fourth tunnel junction 729 
between subcells 728 and 730, an antireflection coating 720 
formed to be disposed over the topmost subcell 730, a front 
contact 721, and a back contact 701. 
I0085. The fifth subcell 730 is disposed over and in optical 
communication with the fourth subcell 728, and is made of a 
fifth, preferably II-VI material system, more preferably com 
prising a fifth (p-)CdZnTe base layer 718 and a fifth (n+) 
CdZnTe emitter layer 719, having a fifth base energy gap 
(Ess2.00 eV), a fifth emitter energy gap (Ess2.00 eV), 
and a fifth layer thickness (dis0.1 to 10 um). The degener 
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ately alloyed fourth tunnel junction 729 that is placed 
between the fourth subcell 728 and fifth subcell 730 prefer 
ably comprises a fourth (p")ZnTe base layer 716 and a fourth 
(n")ZnTe emitter layer 717 having a relatively high base 
energy gap (Eas2.26 eV) and a relatively high emitter 
energy gap (Eas2.26 eV). 
I0086. The first tunneljunction 723, second tunnel junction 
725, third tunnel junction 727, and fourth tunnel junction 729 
need not be identical and the tunnel junctions 723, 725,727, 
729 can be made from materials of different energy gaps. The 
energy gaps (Ezy, and Ezil) of the first tunnel junction 
723 must be greater than those of the first emitter 703 (E.) 
of the first subcell 722 and the second base 706 (Ea) of the 
second subcell 724; the energy gaps (Ea and Era) of 
the second tunnel junction 725 must be greater than those of 
the second emitter 707 (E2) of the second subcell 724 and 
the third base 710 (E) of the third subcell 726; the energy 
gaps (Ets and Ets) of the third tunneljunction 727 must 
be greater than those of the third emitter 711 (E) of the 
third subcell 726 and the fourth base 714 (Ea) of the fourth 
subcell 728; and the energy gaps (Ea and Era) of the 
fourth tunnel junction 729 must be greater than those of the 
fourth emitter 715 (E) of the fourth subcell 728 and the 
fifth base 718 (Es) of the fifth subcell 730. The first, second, 
third, and fourth tunneljunctions may be one or more alloyed 
semiconductor layers of ZnTe, ZnS, MgTe, ZnO, CdZnTe 
(Eas2.0 to 2.26 eV), CdMgTe (Eas2.0 to 3.4 eV), and 
CdMnTe (E-2.0 to 2.92 eV). 
I0087 Light that is incident on the top surface of the five 
junction photovoltaic solar cell 700 is partially reflected and 
partially transmitted through the contact layer 721 and the 
antireflection coating 720. The transmitted photons with 
energies (E.2Es..) equal to or greater than the fifth base 
energy gap of the fifth subcell 730 are absorbed in the fifth 
subcell 730, producing a fifth short-circuit photocurrent den 
sity (Is) and a fifth open-circuit photovoltage (Vis). The 
photons with energies (Et-Esa) less than the fifth base 
energy gap of the fifth subcell 730 pass through the fifth 
subcell 730 and the fourth tunnel junction 729, impinging on 
the top of the fourth subcell 728. The transmitted photons 
with energies (EsE) equal to or greater than the fourth 
base energy gap of the fourth subcell 728 are absorbed in the 
fourth subcell 728, producing a fourth short-circuit photocur 
rent density (Ia) and a fourth open-circuit photovoltage 
(V). Photons with energies (Et-E) less than the fourth 
base energy gap of the fourth subcell 728 pass through the 
fourth subcell 728 and the third tunneljunction 727, reaching 
the top of the third subcell 726. 
I0088. The transmitted photons with energies (E->Es) 
equal to or greater than the third base energy gap of the third 
subcell 726 are absorbed in the third subcell 726, producing a 
third short-circuit photocurrent density (I) and a third 
open-circuit photovoltage (V). The photons with energies 
(Et-Es) less than the third base energy gap of the third 
subcell 726 pass through the third subcell 726 and the second 
tunnel junction 725, arriving at the top of the second subcell 
724. The transmitted photons with energies (E->E2) equal 
to or greater than the second base energy gap of the second 
subcell 724 are absorbed in the second subcell 724, producing 
a second short-circuit photocurrent density (I) and a sec 
ond open-circuit photovoltage (V). The photons with ener 
gies (Et-E2) less than the second base energy gap of the 
second subcell 724 pass through the second subcell 724 and 
the first tunnel junction 723, arriving the top of the first 
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subcell 722. The transmitted photons with energies 
(E2E) equal to or greater than the first base energy gap 
of the first subcell 722 are absorbed in the first subcell 722, 
producing a first short-circuit photocurrent density (I) and 
a first open-circuit photovoltage (V). 
0089. The thicknesses of the first subcell 722, second sub 
cell 724, third subcell 726, fourth subcell 728, and fifth sub 
cell 730 are varied and optimized so that the first short-circuit 
photocurrent density (I) for the first subcell, second short 
circuit photocurrent density (I) for the second Subcell, third 
short-circuit photocurrent density (I) for the third subcell, 
fourth short-circuit photocurrent density (I) for the fourth 
Subcell, and fifth short-circuit photocurrent density (Is) for 
the fifth subcell a matched completely 
(Iscils-2Iscals-4 los) O substantially 
(Isleslas asles). 
0090. In a specific example of this embodiment, the cal 
culated first open-circuit photovoltage (V) for the first 
Subcell 722, second open-circuit photovoltage (V) for the 
second subcell 724, third open-circuit voltage (V) for the 
third subcell 726, fourth open-circuit photovoltage (V) for 
the fourth subcell 728, and fifth open-circuit photovoltage 
(Vs) for the fifth subcell 730 were s0.50 V. s.0.90 V, s1.12 
V. s1.36 V, and s1.51 V. respectively. The estimated open 
circuit voltage for the five-subcell photovoltaic solar cell 700 
(V, V+V+V+Va+Vs) was s5.39 V. 
0091. The calculated optimal first short-circuit photocur 
rent density (I) for the first subcell 722, second short 
circuit photocurrent density (I) for the second subcell 724, 
third short-circuit photocurrent density (I) for the third 
subcell 726, fourth short-circuit photocurrent density (I) 
for the fourth subcell 728, and fifth short-circuit photocurrent 
density (I) for the fifth subcell 730 are s40 mA/cm, s27 
mA/cm, s19 mA/cm, s 15 mA/cm, and s13 mA/cm, 
respectively. From these numerical calculations, the esti 
mated series-matched current density (I) for the five-junc 
tion photovoltaic solar cell 700 was approximately 13 
mA/cm, and 
Is Izvi-Izy Izya Izya l-Is-2. Isa Isa Is as discussed Sc 

above. 
0092. The estimated ideal series-interconnected efficiency 
(mm+m2 +m+ma+ms) for the five-Subcell photovoltaic Solar 
cell 700 was at least s50% under 500 Suns. As described 
above for other embodiments of the invention, (p")ZnTe/ 
(n")ZnTe tunnel junctions may be placed between the sub 
cells to improve light conversion efficiency. 
0093. The first subcell 722, second subcell 724, third sub 
cell 726, fourth subcell 728, and fifth subcell 730 of this 
homo-junction photovoltaic solar cell 700 can be replaced 
with hetero-junction subcells to further improve the perfor 
mance by minimizing the absorption in the first emitter 703, 
second emitter 707, third emitter 711, fourth emitter 715, and 
fifth emitter 719 while maximizing the absorption in the first 
base 702 of first subcell 722, second base 706 of the second 
subcell 724, third base 710 of the third subcell 726, fourth 
base 714 of the fourth Subcell 728, and fifth base 718 of the 
fifth Subcell 730. 

0094) Moreover, the fifth (n+)CdZnTe emitter 719 of 
the fifth subcell 730 can be replaced with a higher energy gap 
alloys such as (n+)ZnTe emitter (Eas1.8 to 2.26 eV), (n+) 
CdS emitter (Ess2.46 eV), (n+)ZnSe emitter (Ess2.72 
eV), (n+)MgTe emitter (Es-3.40 eV), (n+)ZnS emitter 
(Es-3.73 eV), (n+)CdZnTe emitter (Ess1.8 to 2.26 eV), 
(n+)CdMnTe emitter (Ess1.8 to 2.92 eV), or (n+)CdMgTe 
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emitter (Ess1.8 to 3.40 eV) to allow more incident light to 
reach the (p-)CdZnTe base 718 (Esa-2.00 eV) in order to 
increase the photo-generation of electron-hole pairs and 
hence increase the photocurrent of the fifth subcell 730. 
0095 Additionally, the fifth semiconductor base may be 
alloys of CdZnTe (Ess1.8-2.26 eV) or CdMgTe (Ess1. 
8-3.2 eV). 
0096 Numerical modeling was performed for a hetero 
interface three-junction photovoltaic Solar cell having the 
following top-to-bottom composition: (n+)ZnO/(n+)ZnTe/ 
(p-)CdZnTe/(p")MgTe/(n+)ZnTe/(p-)CdZnTe/(p") 
MgTe/(n+)ZnTe/(p-)Cdn Te/(p")MgTe/(n")MgTe/(n+) 
ZnTe/(p-)CdTe/(p")MgTe/(n")MgTe/(n+)ZnTe/(p-)Si. 
The calculated first open-circuit photovoltage (V) for the 
first Subcell 722, second open-circuit photovoltage (V) for 
the second subcell 724, third open-circuit photovoltage 
(V) for the third subcell 726, fourth open-circuit photo 
voltage (V) for the fourth subcell 728, and fifth open 
circuit photovoltage (V) for the fifth subcell 730 were 
s0.50 V.s0.89 V. s.1.11 V. s.1.36 V, and s1.51V, respectively. 
The estimated open-circuit Voltage (V, V+V+V+ 
V+Vs) for the hetero-interface five-junction photovol 
taic Solar cell 700 was s5.37 V. 
0097. The calculated optimal first short-circuit photocur 
rent density (I) for the first subcell 722, second short 
circuit photocurrent density (I) for the second subcell 724, 
third short-circuit photocurrent density (I) for the third 
subcell 726, fourth short-circuit photocurrent density (I) 
for the fourth subcell 728, and fifth short-circuit photocurrent 
density (Is) for the fifth subcell 730 were s40 mA/cm, s27 
mA/cm, s19 mA/cm, s 15 mA/cm, and s13 mA/cm, 
respectively. In this case, the estimated series-matched short 
circuit photocurrent density (I) for the five-junction photo 
voltaic solar cell 700 again was approximately 13 mA/cm, 
and Is Izvi Izy Izva Izya l-I-2-13 I-4. Is as dis 
cussed above. 

0098. The estimated ideal series-interconnected efficiency 
(mm+m2 +m+ma+ms) for the hetero-interface five-subcell 
photovoltaic solar cell 700 again was at least s55% under 500 
suns. In this particular example, (p")MgTe/(n")MgTetun 
neljunctions were placed between the subcells to improve the 
light conversion efficiency. The antireflection coating 720, 
which may comprise of more than one thin layer, can be made 
of materials with energy gaps that are greater than the energy 
gap of the emitter 719 of the fifth subcell 730 (Eid-Es). 
For instance, the antireflection coating can be made of an 
(n+)MgTe (Ears3.40 eV) semiconductor thin layer. 
0099 FIG.8 shows a five-subcell solar cell 800 which can 
have the following top-to-bottom composition: (n+)ZnO/ 
(n+)CdZnTe/(p-)CdZnTe/(n+)CdZnTe/(p-)Cd. 
Zn,Te/(n+)CdZnTe/(p-)CdZnTe/(n+)CdTe/(p-) 
CdTe?(n+)Si/(p-)Si. Cell 800 does not have tunnel junctions 
between its subcells. In this example, the first subcell 814, 
which is made of a first, preferably Group IV material system, 
more preferably comprises a first (p-)Sibase layer 802 and a 
first (n+)Si emitter layer 803 having a first base energy gap 
(Eas1.10 eV), a first emitter energy gap (Eis 1.10 eV), 
and a first layer thickness (dis1.0 to 500 um, preferably 
greater than or equal to 2 um). The second subcell 815, which 
is disposed immediately adjacent to the first subcell 814 and 
is made of a second, preferably Group II-VI material system, 
comprises a second (p-)CdTe base layer 804 and a second 
(n+)CdTe emitter layer 805 having a second base energy gap 
(E.2s1.51 eV), second emitter energy gap (E.2s1.51 eV), 
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and a second layer thickness (dis0.5 to 15um, preferably 2-6 
um). The third subcell 816, which is disposed immediately 
adjacent to the second subcell 815 and is made of a third, 
preferably Group II-VI material system, comprises a third 
(p-)CdZnTe base layer 806 and a third (n+)CdZnTe 
emitter layer 807 having a third base energy gap (E-1.71 
eV), a third emitter energy gap (Ess1.71 eV), and a third 
layer thickness (dis0.1 to 10 um, preferably 2 to 6 um). 
0100. The fourth subcell 817, which is disposed immedi 
ately adjacent to the third subcell 816 and is made of a fourth, 
preferably II-VI material system, more preferably comprises 
a fourth (p-)CdZnTe base layer 808 and a fourth (n+)Cd. 
ZnTe emitter layer 809 having a fourth base energy gap 
(E-1.91 eV), a fourth base energy gap (Ears 1.91 eV), 
and a fourth layer thickness (das0.1 to 10 um, preferably 2 to 
6 um). The fifth subcell 818, which is disposed immediately 
adjacent to the fourth subcell 817 and is made of a fifth, 
preferably Group II-VI material system, more preferably 
comprises a fifth (p-)CdZnTe base layer 810 and a fifth 
(n+)CdZnTe emitter layer 811 having a fifth base energy 
gap (Esa-2.00 eV), a fifth emitter energy gap (Ess2.00 
eV), and a fifth layer thickness (das0.1 to 10 Lum). The first 
subcell 814, second subcell 815, third subcell 816, fourth 
subcell 817, and fifth subcell 818 of the homo-junction pho 
tovoltaic solar cell 800 can be replaced with hetero-junction 
subcells as described above to further improve overall absorp 
tion of incident light. 
0101. In another variation of the fourth embodiment of the 
present invention, the (p-) and (n) semiconductor layers of 
cell 800 are reversed. 

0102 The invention discloses, for the first time, several 
monolithic multi-Subcell photovoltaic Solar cells having no 
Group III-V semiconductors and having ideal overall series 
efficiencies of at least 45% under concentrated sunlight of 
approximately 500 Suns. These ideal energy conversion effi 
ciencies have not been reported before for solar cells com 
posed of any monatomic or compound semiconductor family 
or combination of Such families or material systems (Groups 
IV, III-V, or II-VI). 
0103) In summary, several monolithic multi-junction or 
-subcell photovoltaic solar cells have been described which 
are fabricated of a combination of Group IV and Group II-VI 
materials, preferably on silicon Substrates. Species, alloys, 
and thicknesses of successively grown layers can be selected 
to create Solar cells having more than fifty percent ideal 
overall energy conversion efficiencies. 
0104. While particular preferred embodiments of the 
present invention have been presented in detail hereinabove 
for the purposes of description and illustration, it will be 
understood by those skilled in the art that all suitable modi 
fications, alterations, Substitutions, equivalent arrangements, 
and enhancements of the preferred embodiments may be 
made without departing from the spirit and broader Scope of 
the invention. In particular, the Sisubstrate can be lifted offor 
thinned, an epitaxial Gelayer may be grown on the back of 
thinned Si for better absorption of infrared light before the 
epitaxial II-VI layers are grown on the opposite face of the Si, 
the Si substrate can be replaced by a Ge substrate or other 
substrate-related modifications to the preferred embodiments 
may be made. 
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We claim: 
1. A monolithic photovoltaic solar cell with multiple sub 

cells, comprising: 
a first Subcell including: 

a first base formed of a semiconductor to be of a first 
conductivity type; 

a first emitter formed to adjoin the first base and formed 
of a semiconductor having a second conductivity type 
opposite the first conductivity type; 

a second Subcell adjacent to the first Subcell and including: 
a second base formed of a semiconductor of the first 

conductivity type; 
a second semiconductor emitter of the second conduc 

tivity type formed to adjoin the second base; 
wherein at least one of the first and second bases and the 

first and second emitters is formed of a Group IV 
semiconductor material; 

wherein at least one of the first and second bases and the 
first and second emitters is formed of a Group II-VI 
semiconductor material; 

the second Subcell generating a second short-circuit cur 
rent density responsive to Solar radiation of a prede 
termined intensity incident on a face of the second 
subcell opposed to the first subcell; 

the first Subcell generating a first short-circuit current 
density responsive to the Solar radiation which has 
passed through the second subcell into the first sub 
cell, the first short-circuit current density being sub 
stantially equal to said second short-circuit current 
density. 

2. The solar cell of claim 1, wherein the Group IV semi 
conductor material is selected from the group consisting of 
silicon, germanium, and silicon-germanium. 

3. The solar cell of claim 1, wherein the first conductivity 
type is n-type. 

4. The solar cell of claim 1, wherein the first conductivity 
type is (p-)type. 

5. The solar cell of claim 1, wherein the Group II-VI 
semiconductor material is selected from the group consisting 
of CdS, CdTe. CdSe, ZnTe, ZnSe, ZnS, MgTe, CdSeTe, 
CdZnTe. CdMnTe. CdMgTe, and CdhgTe. 

6. The solar cell of claim 1, further comprising a first tunnel 
junction between said first and second Subcells. 

7. The solar cell of claim 6, wherein the first tunneljunction 
comprises at least one semiconductor layer selected from the 
group consisting of ZnTe, ZnS, MgTe. CdZnTe, and 
CdMgTe. 

8. The solar cell of claim 1, wherein said second subcell has 
a lower face proximate to the first Subcell and an upper face 
remote from the first subcell, the second subcell further com 
prising a semiconductive antireflection layer formed to adjoin 
the upper face and comprising at least one material selected 
from the group consisting of CdSnO, SnO, ZnSe, TiO, 
MgTe, ZnO, ZnS, MgSe, ITO, MgS, MgO, SiO, and MgF. 

9. The solar cell of claim 1, wherein the first subcell has an 
upper face proximate the second Subcell and a lower face 
remote from the second subcell, the solar cell further com 
prising a conductive back contact, disposed adjacent to the 
lower face of the first subcell. 

10. The solar cell of claim 1, the second subcell having a 
lower face proximate to the first subcell and an upper face 
remote from the first subcell and a conductive front contact 
formed adjacent to the upper face of the second subcell. 
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11. The solar cell of claim 1, wherein the first base is 
formed from a Group IV semiconductor selected from the 
group consisting of Si, Ge and Si-Ge. 

12. The solar cell of claim 1, further comprising: 
a third subcell formed over the second subcell and formed 

to be opposed to the first subcell, the third subcell com 
prising: 
a third base formed of a semiconductor material to be of 

the first conductivity type: 
a third emitterformed of a semiconductor material to be 

of the second conductivity type and formed to adjoin 
the third base, at least one of the third base and third 
emitter being formed of a Group II-VI semiconductor 
material; 

the third Subcell generating a third open-circuit current 
density responsive to said Solar radiation which 
matches Substantially said first and second short-cir 
cuit current densities. 

13. The solar cell of claim 12, wherein the Group II-VI 
semiconductor material forming at least one of the third base 
and third emitter is selected from the group consisting of CdS, 
CdTe. CdSe, ZnTe, ZnSe, ZnS, MgTe, CdSeTe. CdZnTe, 
CdMnTe. CdMgTe, and CdHgTe. 

14. The solar cell of claim 12, further comprising a first 
tunnel junction between the first and second Subcells and a 
second tunneljunction between the second and third subcells. 

15. The solar cell of claim 14, wherein the second tunnel 
junction comprises at least one degeneratively alloyed semi 
conductor layer selected from the group consisting of ZnTe. 
ZnS, MgTe. CdZnTe and CdMgTe. 

16. The solar cell of claim 12, wherein said third subcell 
has a lowerface proximate to the second Subcell and an upper 
face remote from the second subcell, the cell further compris 
ing a semiconductive antireflection layer formed over the 
third Subcell upper face and comprising at least one material 
selected from the group consisting of CdSnO, SnO, ZnSe, 
TiO, MgTe, ZnO, ZnS, MgSe, ITO, MgS, MgO, SiO, and 
MgF2. 

17. The solar cell of claim 12, further comprising: 
a fourth subcell formed over the third subcell and to be 

opposed to the first subcell, the fourth subcell compris 
ing: 
a fourth base formed of a semiconductor material to be 

of the first conductivity type; 
a fourth emitter formed of a semiconductor material to 
be of the second conductivity type and formed to 
adjoin the fourth base, at least one of the fourth base 
and fourth emitter being formed of a Group II-VI 
semiconductor material; 

the fourth Subcell generating a fourth open-circuit cur 
rent density responsive to said Solar radiation which 
matches Substantially said first, second, and third 
short-circuit current densities. 

18. The solar cell of claim 17, wherein the Group II-VI 
semiconductor material forming at least one of the emitter 
and base of the fourth subcell is selected from the group 
consisting of CdS, CdTe. CdSe, ZnTe, ZnSe, ZnS, MgTe, 
CdSeTe. CdZnTe. CdMnTe, CdMgTe, and CdhgTe. 

19. The solar cell of claim 17, further comprising a first 
tunnel junction between the first and second Subcells, a sec 
ond tunnel junction between the second and third subcells, 
and a third tunnel junction between the third and fourth sub 
cells. 
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20. The solar cell of claim 19, wherein the third tunnel 
junction comprises at least one degeneratively alloyed Group 
II-VI semiconductor layer. 

21. The solar cell of claim 17, wherein said fourth subcell 
further has a lower face proximate to the third subcell and an 
upper face remote from the third subcell, the fourth subcell 
further comprising a semiconductive antireflection layer 
formed to adjoin the fourth Subcell upper face and comprising 
at least one material selected from the group consisting of 
CdSnO, SnO, ZnSe, TiO, MgTe, ZnO, ZnS, MgSe, ITO, 
MgS, MgO, SiO, and MgF. 

22. The solar cell of claim 17 further comprising: 
a fifth subcell formed over the fourth subcell and to be 

opposed to the first subcell, the fifth subcell comprising: 
a fifth base formed of a semiconductor material to be of 

the first conductivity type: 
a fifth emitter formed of a semiconductor material to be 

of the second conductivity type and formed to adjoin 
the fifth base, at least one of the fifth base and fifth 
emitter being formed of a Group II-VI semiconductor 
material; 

the fifth subcell generating a fifth open-circuit current 
density responsive to said Solar radiation which 
matches Substantially said first, second, third, and 
fourth short-circuit current densities. 

23. The solar cell of claim 22, wherein the Group II-VI 
semiconductor material forming at least one of the base and 
emitter of the fifth subcell is selected from the group consist 
ing of CdS, CdTe. CdSe, ZnTe, ZnSe, ZnS, MgTe, CdSeTe, 
CdZnTe. CdMnTe. CdMgTe, and CdhgTe. 

24. The solar cell of claim 23, further comprising a first 
tunnel junction between the first and second Subcells, a sec 
ond tunnel junction between the second and third Subcells, a 
third tunnel junction between the third and fourth subcells, 
and a fourth tunnel junction between the fourth and fifth 
subcells. 

25. The solar cell of claim 24, wherein the fourth tunnel 
junctions comprises at least one degeneratively alloyed 
Group II-VI layer selected from the group consisting of ZnTe, 
ZnS, MgTe. CdZnTe and CdMgTe. 

26. The solar cell of claim 22, wherein said fifth subcell has 
a lowerface proximate to the fourth subcell and an upper face 
remote from the fourth subcell, the fifth subcell further com 
prising a semiconductive antireflection layer formed on the 
upper face and comprising at least one material selected from 
the group consisting of CdSnO, SnO, ZnSe, TiO, MgTe, 
ZnO, ZnS, MgSe, ITO, MgS, MgO, SiO, and MgF2. 

27. A monolithic multijunction photovoltaic solar cell, 
comprising: 

a first Subcell including: 
a first base formed of a semiconductor material to be of 

a first conductivity type and having a first base energy 
gap. 

a first emitter formed of a semiconductor material to be 
of a second conductivity type opposite the first con 
ductivity type, the first emitter formed to adjoin the 
first base and having a first emitter energy gap higher 
than the first base energy gap; 

a second subcell formed over the first subcell and compris 
ing: 
a second base formed of a semiconductor material to be 

of the first conductivity type and to have a second base 
energy gap higher than the first base energy gap: 
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a second emitter formed of a semiconductor material to 
be of the second conductivity type and formed to 
adjoin the second semiconductor base; 

wherein at least one of the first and second bases and the 
first and second emitters is formed of a Group IV semi 
conductor material; 

wherein at least one of the first and second bases and the 
first and second emitters is formed of a Group II-VI 
semiconductor material; 

wherein none of the emitters or bases are a Group III-V 
semiconductor material; and 

wherein an overall ideal series efficiency of the solar cell 
calculated under 500 Suns incident solar radiation is at 
least approximately 40%. 

28. The solar cell of claim 27, further comprising a first 
tunneljunction between the first and second Subcells, at least 
one layer of the first tunnel junction having an energy gap 
greater than the energy gap of the first semiconductor base. 

29. The solar cell of claim 27, wherein the first base is a 
substrate formed of a Group IV semiconductor material 
selected from the group consisting of Si, Ge and Si-Ge. 

30. The solar cell of claim 27, further comprising: 
a third subcell formed over the second subcell comprising: 

a third base formed of a semiconductor material to be of 
the first conductivity type and having a third base 
energy gap higher than the second base energy gap: 

a third emitterformed of a semiconductor material to be 
of the second conductivity type and formed to adjoin 
the third base, the third emitter having a third emitter 
energy gap higher than the third base energy gap and 
the second emitter energy gap: 

wherein at least one of the third base and third emitter is 
formed of a Group II-VI semiconductor material; 

wherein neither the third base nor the third emitter is 
formed of a Group III-V semiconductor material; and 

wherein an overall ideal series efficiency of the solar cell 
is at least approximately 40% under 500 Suns illumi 
nation. 

31. The solar cell of claim 30, further comprising a first 
tunnel junction between the first and second Subcells and a 
second tunneljunction between the second and third Subcells, 
at least one layer of the second tunnel junction having an 
energy gap greater than the energy gap of the second semi 
conductor base. 

32. The solar cell of claim 30, further comprising: 
a fourth subcell formed over the third subcell and compris 

ing: 
a fourth base formed of a semiconductor material of the 

first conductivity type and having a fourth base energy 
gap higher than the third base energy gap: 

a fourth emitter formed of a semiconductor material of 
the second conductivity type and formed to adjoin the 
fourth base and having a fourth emitter energy gap 
higher than the fourth base energy gap and the third 
emitter energy gap: 

wherein at least one of the fourth base and fourth emitter 
is formed of a Group II-VI semiconductor material; 

wherein neither the fourth base nor the fourth emitter is 
formed of a Group III-V semiconductor material; and 

wherein an overall ideal series efficiency of the solar cell 
is at least approximately 45% under 500 Suns illumi 
nation. 
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33. The solar cell of claim 32, further comprising: 
a first tunneljunction between the first and second subcells, 

a second tunnel junction between the second and third 
subcells, and a third tunnel junction between the third 
and fourth subcells, at least one layer of the third tunnel 
junction having an energy band gap greater than the 
energy gap of the third semiconductor base. 

34. The solar cell of claim 32, further comprising: 
a fifth subcell formed over the fourth subcell and compris 

1ng: 
a fifth base formed of a semiconductor material to be of 

the first conductivity type and having a fifth base 
energy gap higher than the fourth base energy gap: 

a fifth emitter formed of a semiconductor material to be 
of the second conductivity type formed to adjoin the 
fifth semiconductor base and having a fifth emitter 
energy gap higher than the fifth base energy gap and 
the fourth emitter energy gap; 

wherein at least one of the fifth base or the fifth emitter 
is formed of a Group II-VI semiconductor material; 

wherein neither the fifth base nor the fifth emitter is 
formed of a Group III-V semiconductor material; and 

wherein an overall ideal series efficiency of the solarcell 
is at least approximately 50% under 500 suns illumi 
nation. 

35. The solar cell of claim 34, further comprising: 
a first tunneljunction between the first and second subcells, 

a second tunnel junction between the second and third 
subcells, a third tunnel junction between the third and 
fourth subcells, and a fourth tunneljunction between the 
fourth and fifth subcells, at least one layer of the fourth 
tunnel junction having an energy gap greater the energy 
gap of the fourth semiconductor base. 

36. A photovoltaic solar cell exhibiting an overall ideal 
series energy conversion efficiency of at least 45% under 500 
Suns illumination and containing no Group III-V semicon 
ductors. 

37. The solar cell of claim 36, wherein at least a portion of 
the solar cell comprises a Group II-VI semiconductor. 

38. The solar cell of claim 37, wherein the cell includes a 
substrate formed of a Group IV semiconductor material 
selected from the group consisting of Si, Ge and mixtures 
thereof. 

39. The solar cell of claim 36, where the solar cell com 
prises: 

a first Subcell comprising a first emitter and a first base; 
a second Subcell comprising a second emitter and a second 

base and formed over the first emitter; 
a third subcell comprising a third emitter and third base and 

formed over the second emitter; and 
a fourth subcell comprising a fourth emitter and fourth base 

and formed over the third emitter. 
40. The solar cell of claim 39, further comprising a first 

tunneljunction between the first and second Subcells, at least 
one layer of the first tunnel junction having a higher energy 
gap than the first base. 

41. The solar cell of claim 39, further comprising a second 
tunneljunction between the second and third subcells, at least 
one of the second tunnel junction layers having a higher 
energy gap than the second base. 

42. The solar cell of claim 39, further comprising a third 
tunneljunction between the third and fourth subcells, at least 
one of the third tunnel junction layers having a higher energy 
gap than the third base. 
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43. The solar cell of claim 39, wherein at least one of the 
first, second, third, and fourth semiconductor bases is a Group 
IV semiconductor. 

44. The solar cell of claim 43, wherein at least one emitter 
or base is formed of a Group II-VI semiconductor material. 

45. The solar cell of claim39, wherein the solar cell further 
comprises: 

a fifth subcell comprising a fifth emitter and a fifth base and 
formed over the fourth emitter; 

wherein an overall ideal series efficiency of the solar cell is 
at least approximately 55% under 500 suns illumination. 

46. The solar cell of claim 45, wherein at least one of the 
fifth emitter or fifth base is formed of a Group II-VI semicon 
ductor material. 

47. The solar cell of claim 45, wherein the solar cell further 
comprises a fourth tunnel junction between the fourth and 
fifth Subcells. 

48. A monolithic multijunction photovoltaic solar cell, 
comprising: 

a first Subcell including: 
a first base formed of a semiconductor material to be of 

a first conductivity type and having a first base energy 
gap. 

a first emitter formed of a semiconductor material to be 
of a second conductivity type opposite the first con 
ductivity type and to adjoin the first base, the first 
emitter having a first emitter energy gap higher than 
the first base energy gap: 

a second subcell formed over the first subcell and compris 
1ng: 
a second base formed of Group II-VI semiconductor 

material to be of the first conductivity type and having 
a second base energy gap higher than the first base 
energy gap; and 

a second emitter formed of Group II-VI semiconductor 
material to be of the second conductivity type formed 
to adjoin the second base and having a second emitter 
energy gap higher than the second base energy gap. 

49. The solar cell of claim 48, wherein first base is formed 
of Group IV semiconductor material. 

50. The solar cell of claim 48, wherein the first semicon 
ductor base is alloyed to provide a high conductivity. 

51. The solarcell of claim 48, wherein the first conductivity 
type is (n) type. 

52. The solarcell of claim 48, wherein the first conductivity 
type is (p) type. 

53. The solar cell of claim 48, wherein the first emitter 
comprises a semiconductor layer selected from the group 
consisting of Si, Ge, CdTe. CdSe, ZnTe. CdSeTe. CdZnTe, 
CdMnTe. CdMgTe, and CdHgTe semiconductors. 

54. The solar cell of claim 53, wherein the first semicon 
ductor emitter is selected from the group consisting of 
CdSeTe alloyed to exhibit an energy gap of approximately 
1.51 to 1.7 eV. CdZnTe alloyed to exhibit an energy gap of 
approximately 1.51 to 2.26 eV. CdMnTe alloyed to exhibit an 
energy gap of approximately 1.51 to 2.92 eV. CdMgTe 
alloyed to exhibit an energy gap of approximately 1.51 to 3.2 
eV. and CdRIgTe alloyed to exhibit an energy gap of approxi 
mately 1.3 to 1.6 eV. 

55. The solar cell of claim 48, wherein the second base 
comprises a material selected from the group consisting of 
CdTe. CdSe, CdSeTe. CdZnTe, CdMgTe, and CdhgTe. 

56. The solar cell of claim 55, wherein the second base is 
selected from the group consisting of CdSeTe alloyed to 
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exhibit an energy gap of approximately 1.51 to 1.7 eV. 
CdZnTe alloyed to exhibit an energy gap of approximately 
1.51 to 2.0 eV. CdMgTe alloyed to exhibit an energy gap of 
approximately 1.51 to 2.0 eV for semiconductors, and CdH 
gTe alloyed to exhibit an energy gap of approximately 1.3 to 
1.6 eV. 

57. The solar cell of claim 48, wherein the second emitter 
comprises a material selected from the group consisting of 
CdTe. CdS, CdSe, ZnTe, ZnSe, ZnS, MgTe, CdSeTe, 
CdZnTe. CdMnTe, and CdMgTe. 

58. The solar cell of claim 57, wherein the second emitter 
is selected from the group consisting of CdSeTe alloyed to 
exhibit an energy gap of approximately 1.51 to 1.7 eV. 
CdZnTe alloyed to exhibit an energy gap of approximately 
1.51 to 2.26 eV. CdMnTe alloyed to exhibit an energy gap of 
approximately 1.51 to 2.92 eV, and CdMgTe alloyed to 
exhibit an energy gap of approximately 1.51 to 3.2 eV. 

59. The solar cell of claim 48, further comprising a first 
tunneljunction between said first and second Subcells, at least 
one layer of the first tunnel junction having an energy gap 
higher than said first base. 

60. The solar cell of claim 59, wherein the first tunnel 
junction comprises at least one material selected from the 
group consisting of ZnTe, ZnS, MgTe. CdZnTe, and 
CdMgTe. 

61. The solar cell of claim 60, wherein the first tunnel 
junction is formed of a semiconductor material selected from 
the group consisting of CdZnTe alloyed to exhibit an energy 
gap of approximately 2.0 to 2.26 eV and CdMgTe alloyed to 
exhibit an energy gap of approximately 2.0 to 3.2 eV. 

62. The solar cell of claim 48, wherein the cell further 
comprises an antireflection layer formed over the second 
emitter and comprising a material selected from the group 
consisting of CdSnO, SnO, ZnSe, TiO, MgTe, ZnO, ZnS, 
MgSe, ITO, MgS, MgO, SiO, and MgF2, the energy gap of 
the antireflection layer being higher than the energy gap of the 
second emitter and the energy gap of the second base. 

63. The solar cell of claim 48, further comprising: 
a third subcell formed over the second subcell and com 

prising: 
a third base formed of a Group II-VI semiconductor 

material to be of the first conductivity type and having 
a third base energy gap higher than the second base 
energy gap; and 

a third emitter formed of a Group II-VI semiconductor 
material of the second conductivity type and formed 
to adjoin the third semiconductor base and having a 
third emitter energy gap higher than the third base 
energy gap. 

64. The solar cell of claim 63, wherein the third emitter 
comprises a semiconductor layer selected from the group 
consisting of CdS, CdSe, ZnTe, ZnSe, ZnS, MgTe. CdSeTe, 
CdZnTe. CdMnTe, and CdMgTe. 

65. The solar cell of claim 64, wherein third emitter is 
selected from the group consisting of CdSeTe alloyed to 
exhibit an energy gap of approximately 1.60 to 1.7 eV. 
CdZnTe alloyed to exhibit an energy gap of approximately 
1.6 to 2.26 eV. CdMnTe alloyed to exhibit an energy gap of 
approximately 1.6 to 2.92 eV, and CdMgTe alloyed to exhibit 
an energy gap of approximately 1.6 to 3.2 eV. 

66. The solar cell of claim 63, wherein the third base 
comprises a material selected from the group consisting of 
CdSeTe. CdZnTe and CdMgTe. 
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67. The solar cell of claim 66, wherein the third base is 
selected from the group consisting of CdSeTe alloyed to 
exhibit an energy gap of approximately 1.6 to 1.7 eV. CdZnTe 
alloyed to exhibit an energy gap of approximately 1.6 to 2.0 
eV. and CdMgTe alloyed to exhibit an energy gap of approxi 
mately 1.6 to 2.0 eV. 

68. The solar cell of claim 63, further comprising a second 
tunnel junction between said second and third Subcells, at 
least one layer of the second tunneljunction having an energy 
gap higher than the energy gap of the third base. 

69. The solar cell of claim 67, wherein the tunnel junction 
comprises a material selected from the group consisting of 
ZnTe, ZnS, MgTe, ZnS, CdZnTe and CdMgTe. 

70. The solar cell of claim 68, wherein said at least one 
layer of the second tunneljunction is selected from the group 
consisting of CdZnTe alloyed to exhibit an energy gap of 
approximately 2.0 to 2.26 eV and CdMgTe alloyed to exhibit 
an energy gap of approximately 2.0 to 3.2 eV. 

71. The solar cell of claim 63, further comprising: 
a fourth subcell formed over the third subcell and compris 

ing: 
a fourth base formed of a Group II-VI semiconductor 

material to be of the first conductivity type and having 
a fourth base energy gap higher than the third base 
energy gap; and 

a fourth emitter formed of a Group II-VI semiconductor 
material to be of the second conductivity type, formed 
to adjoin the fourth semiconductor base and having a 
fourth emitter energy gap higher than the fourth base 
energy gap. 

72. The solar cell of claim 71, wherein the fourth emitter 
comprises a material selected from the group consisting of 
CdS, ZnTe, ZnSe, ZnS, CdMnTe. CdZnTe and CdMgTe. 

73. The solar cell of claim 72, wherein the fourth emitter 
material is selected from the group consisting of CdZnTe 
alloyed to exhibit an energy gap of approximately 1.8 to 2.26 
eV. CdMnTe alloyed to exhibit an energy gap of approxi 
mately 1.8 to 2.92 eV, and CdMgTe alloyed to exhibit an 
energy gap of approximately 1.8 to 3.2 eV. 

74. The solar cell of claim 71, wherein the fourth base 
comprises a material selected from the group consisting of 
CdZnTe and CdMgTe. 

75. The solar cell of claim 74, wherein the fourth base 
material is selected from CdZnTe alloyed to exhibit an energy 
gap approximately 1.7 to 2.0 eV and CdMgTe alloyed to 
exhibit an energy gap of approximately 1.7 to 2.0 eV. 

76. The solar cell of claim 71, further comprising a third 
tunneljunction between the third and fourth subcells, at least 
one layer of the third tunnel junction having an energy gap 
greater than the third base energy gap. 

77. The solar cell of claim 76, wherein said at least one 
layer of the third tunneljunction comprises at least one mate 
rial selected from the group consisting of ZnTe, ZnS, MgTe, 
ZnO, CdZnTe. CdMnTe, and CdMgTe. 

78. The solar cell of claim 77, wherein said at least one 
layer of the third tunneljunction is selected from the group of 
CdZnTe alloyed to exhibit an energy gap of approximately 
2.0 to 2.26 eV. CdMnTe alloyed to exhibit an energy gap of 
approximately 2.0 to 2.92 eV, and CdMgTe alloyed to exhibit 
an energy gap of approximately 2.0 to 3.2 eV. 
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79. The solar cell of claim 71, further comprising: 
a fifth subcell formed over the fourth subcell and compris 

1ng: 
a fifth base formed of a Group II-VI semiconductor 

material to be of the first conductivity type and having 
a fifth base energy gap higher than the fourth base 
energy gap; and 

a fifth emitter formed of a Group II-VI semiconductor 
material to be of the second conductivity type and 
having a fifth emitter energy gap higher than the fifth 
base energy gap. 

80. The solar cell of claim 79, wherein the fifth base com 
prises a semiconductor material selected from the group con 
sisting of CdS, ZnTe, ZnSe, ZnS, CdZnTe. CdMnTe, and 
CdMgTe. 

81. The solar cell of claim 80, wherein the fifth base com 
prises a semiconductor material selected from the group con 
sisting of CdZnTe alloyed to exhibit an energy gap of approxi 
mately 1.8 to 2.26 eV. CdMnTe alloyed to exhibit an energy 
gap of approximately 1.8 to 2.92 eV, and CdMgTe alloyed to 
exhibit an energy gap of approximately 1.8 to 3.2 eV. 

82. The solar cell of claim 79, wherein the fifth emitter 
comprises a material selected from the group consisting of 
CdZnTe and CdMgTe semiconductors. 
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83. The solar cell of claim 82, wherein the fifth emitter is 
formed from a semiconductor material selected from the 
group consisting of CdZnTe alloyed to exhibit an energy gap 
of approximately 1.8 to 2.0 eV and CdMgTe alloyed to 
exhibit an energy gap of approximately 1.8 to 2.0 eV. 

84. The solar cell of claim 79, further comprising a fourth 
tunnel junction between the fourth and fifth subcells. 

85. The solar cell of claim 84, wherein at least one layer of 
the fourth tunnel junction comprises at least one material 
selected from the group consisting of ZnTe, ZnS, MgTe, ZnO, 
CdZnTe and CdMgTe, said at least one layer of the fourth 
tunnel junction having an energy gap higher than the fifth 
base energy gap. 

86. The solar cell of claim 85, wherein said at least one 
layer of the fourth tunnel junction is selected from a group 
consisting of CdZnTe alloyed to exhibit an energy gap of 
approximately 2.0 to 2.26 eV. CdMnTe alloyed to exhibit an 
energy gap of approximately 2.0 to 2.92 eV, and CdMgTe 
alloyed to exhibit an energy gap of approximately 2.0 to 3.4 
eV. 


